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Abstract
A low-temperature, ambient pressure solution synthesis of colloidal InN
nanoparticles is presented. This synthesis utilizes a previously dismissed precursor and
results in individual, non-aggregated nanoparticles with long-term solubility and stability
in organic solvents. These nanoparticles are wurtzite phase with a measured bandgap as
low as 0.79 eV and average size of 6.2 nm. Based on this synthesis, indium-rich InGaN
nanoparticles were synthesized and characterized. Chemical, structural, and optical
analysis indicated up to 10% gallium incorporation before encountering the miscibility
gap. Using CdSe nanoparticles as a model system, M13 bacteriophage-mediated, two-
dimensional nanoparticle assembly was examined as a route for scaleable, large-area
nanoparticle films. The method uses close-packed, self-assembly of M13 on layer-by-
layer deposited polyelectrolyte surfaces and was able to assemble aminated nanoparticles
with strong specificity.
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Chapter 1: Introduction
1.1 Group IHl-Nitride Semiconductors
The group Ill-nitride direct bandgap semiconductors consist of AIN, GaN, InN,
and their alloy systems. In recent decades, they have been seen as promising materials for
a variety of electronic and optoelectronic applications due to their material properties.
Firstly, these materials cover a wide range of bandgaps ranging from 6.2 eV for AlN,
well into the deep UV, to 3.4 eV for GaN to potentially as low as 0.7 eV for InN,1
surprisingly far into the infrared.2' 3 Also, AlN possesses high thermal conductivity (2.0
W/cmK) 2 and both AlN and GaN have high decomposition temperatures above 1 100,C, 3
which is highly desired for high-temperature electronic applications. All three nitrides are
known to be difficult to wet etch, making them more difficult to process using traditional
fabrication techniques but on the other hand, providing them with remarkable chemical
stability. Large breakdown electric fields for GaN (3 x 106 V/cm) 4 and very high electron
mobilities in InN (4400 cm 2/Vs) 3 make the III-nitrides candidates for high-frequency and
high-power applications. Already, numerous applications of this material family include
blue light-emitting diodes for full color displays, laser diodes for data storage or surgery,5
ultraviolet detectors for engines or astronomy, and high-temperature or high-power
electronics for missiles and satellites. These properties have created immense interest in
studying these materials and further incentive in understanding and developing their
growth mechanisms. The favorable material properties are likely to improve alongside
the quality of the nitride materials.
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Figure 1.1: (left) Periodic table highlighting the position of Ga, In, and N. (right) Plot of the solar
spectrum. The range between the dotted lines indicates the energies that can be theoretically covered by
InGaN.
As petroleum-based energy sources become depleted and thereby less
economical, a movement toward sustainable and renewable energy solutions is gaining
momentum. Utilizing solar energy is not a new idea but unfortunately, has been an idea
hindered by the lack of appropriate and easily integrated materials. One challenge for
optimizing solar cell efficiency is matching the cell absorption to the sun's spectrum.
While the sun's spectrum contains a continuous range of wavelengths, material bandgaps
are discrete. Thus, matching the sun's spectrum to the right material remains a challenge
but may be the perfect opportunity for nitride materials. Of the I-nitrides, GaN, InN,
and their alloys have strong potential for high-efficiency solar cells because the bandgaps
of the alloyed material theoretically cover nearly the entire solar spectrum. Being able to
specifically engineer any bandgap between 0.7 eV and 3.4 eV is the first step to the
creation of solar cells with optimized absorption from a single materials system. A major
benefit will be the minimization of the problems associated with mismatched lattices in
typical heterojunction formation. A six-junction InGa.-.N solar cell has a calculated
theoretical efficiency of 40.35% and an open circuit voltage of 5.34 V.6 Tunable light
.................... ..............
emission from these materials can also contribute to more vivid and color complete diode
displays. However, current epitaxial growth technology has encountered several
obstacles, including phase separation in InGaN bulk material, ineffective doping, and
lattice mismatch with commonly used substrates.
1.2 Challenges in GaN, InN, and InGaN growth
Ill-nitride growth is subject to numerous challenges that have impeded the
development and study of GaN, InN, and InGaN research and applications. One of the
most often cited challenges is the lack of substrates for epitaxial film growth by hydride
vapor phase epitaxy (HVPE), metalorganic chemical vapor deposition (MOCVD), and
molecular beam epitaxy (MBE). Although some progress has been made in bulk GaN
growth,7 for the time being, heteroepitaxial growth is the most common situation. A
suitable substrate must be impervious to high concentrations of ammonia, which is a
corrosive but reliable high-temperature nitrogen source, and hydrogen, which is the
reducing byproduct of ammonia cracking, at high temperatures as well as possess low
thermal expansion. Sapphire is currently the top candidate despite a large lattice
mismatch of up to 29% for III-nitrides.8 Not surprisingly, lattice mismatch causes the
formation of defects and dislocations that restrict film thickness and reduce device
applicability.
Another challenge arises in growth temperature. GaN has a high decomposition
temperature that makes it amenable for fast growth by VPE at 1040-1060*C.S The high
decomposition temperature also corresponds to reduced nitrogen evaporation, which
allows thin-film growth by MOCVD or MBE. Unfortunately, InN possesses a much
lower decomposition temperature of 500-650*C that hinders film growth not only by
forcing higher nitrogen overpressures in the system to prevent evaporation but also
reduces the efficiency of forming reactive nitrogen species from ammonia because
cracking efficiency decreases below 1000*C. 9 As a result, reactive sputtering, which
8keeps the substrate at a lower temperature, has seen moderate success for growing InN.
The extremely different growth conditions for GaN and InN suggests InGaN
would be a difficult material to grow. The difference in growth temperatures forces a
trade-off between epilayer quality and indium incorporation, where higher temperatures
grow more crystalline films but limit the amount of indium retained because of
decomposition. The disparity between the interatomic spacings of the two materials also
causes problems. Phase separation of the materials allows less than 6% equilibrium
indium incorporation at typical MOCVD temperature of 800*C,1O making it a significant
obstacle to full bandgap tunability between 0.7-3.4 eV. While this miscibility gap is well
known, there are an increasing number of studies that focus on growing InGaN away
from the equilibrium and diffusion regime of MOCVD to the more kinetically driven
regime of MBE, but so far, there has been no report of full compositional tunability in
thin films.8
Despite the lack of full compositional tunability, MBE grown thin films have, to
some extent, been able to overcome the miscibility gap through kinetics. It has been
shown that compositions in the metastable regime within the miscibility gap (9% indium
at 650*C) were remarkably stable even after annealing at 725*C for 20 hours. In contrast,
compositions inside the spinodal regime (35% indium) showed dramatic phase separation
under identical annealing conditions." Without annealing, compositions within the
spinodal regime have exhibited compositional modulation, as if the material "froze"
during the beginnings of spinodal decomposition. The resulting material showed periodic
stripes of alternating contrast under electron microscopy, a reflection of compositional
variations of 10 atomic%.12 Thus, while moving away from thermodynamic equilibrium
and complete phase separation is possible, kinetics and spinodal decomposition remain
unavoidable.
1.3 Motivation for moving into the nano regime
Exploring growth of InN and InGaN in the nano regime offers a new set of tools
and conditions from which to synthesize these IlI-nitrides. The lack of a suitable growth
substrate becomes null when the materials are to be synthesized as free-standing,
colloidal nanoparticles. Unlike thin film growth processes, nanoparticle growth protocols,
especially in solution processes such as solvothermal methods, can be conducted at lower
temperatures (< 200*C)13 and less extreme reaction environments, avoiding high pressure
and toxic gases. With regards specifically to InGaN, full compositional tunability has
been claimed in nanowires, though mild compositional modulation was observed for 70-
90% indium, and the success is attributed to low processing temperatures and nanowire
strain-relaxed growth. It is clear that the rules governing thin film growth do not
directly apply in the nano regime. In addition, there are hints of deviations from bulk
phase diagrams when sizes reach below 10 nm, 5 allowing a new perspective for
manipulating the miscibility gap and other materials properties.
Moving from nanowires into the quantum dot regime offers further advantages.
Quantum dot structures grown by MOCVD show strong substrate/quantum dot interfacial
effects, which can be utilized to impact the quantum dot density, threshold current
properties, and lasing characteristics of nitride-based quantum dot lasers.16 Shrinking the
size of the materials also increases the influence of surface interactions, so colloidal
nanoparticles can be manipulated through chemistry to change solubility and interparticle
forces. Surface interactions allow for a variety of assembly possibilities from
hydrophobic self-assembly' 7 to DNA-based quantum dot "molecules."' 8 In addition,
quantum dots demonstrate quantum confinement, which is a powerful and versatile way
to control the electrical and optical properties of the material. For example, CdSe
nanoparticles are able to emit light over a variety of narrow wavelengths due purely to
finely controlled particle diameters.
Finally, nanosized InN and InGaN can be used in new applications unsuitable for
thin film devices. Perhaps the most exciting application is in medical imaging
diagnostics. Combining the quantum dot's strong luminescence and resistance to
bleaching with surface attachments of peptides or antibodies, the nanoparticle can be
used as a new imaging tool that is able to travel through the bloodstream and bind to
specific tumor targets. In particular, InGaN and InN are expected to be non-toxic, since
both indium and gallium are currently used in medicine,19-21 and emissive in the infrared
optically transparent region of flesh, water, and blood, making them candidates for deep
tissue or in vivo medical applications. All of this suggests that a colloidal nanocrystal
system of InN and InGaN may offer important advances in the materials themselves as
well as increased application flexibility.
1.4 Scope of the thesis
This thesis explores liquid-phase nanoparticle synthesis as an alternative growth
solution for InN and InGaN, materials that have encountered several obstacles in the
traditional thin film regime. Difficulties such as high growth temperatures and substrate
requirements can be easily avoided while new complications such as unwanted
byproducts and uncontrolled morphologies arise. Nanoparticle synthesis is also
investigated as a new angle from which to probe the confines of the InN-GaN miscibility
gap in a fresh attempt at full compositional tunability of InGaN. The structural, chemical,
and optical characteristics of the resulting products are examined and discussed with
regards to the success and limitations of the new protocols. Finally, the feasibility of
large-scale biotemplated assembly of nanoparticles is also addressed before presenting
several future directions for this work.
1.5 Organization of the thesis
Chapter 2 of this thesis begins by presenting the motivation and strategy for
developing a new colloidal, ambient-pressure synthesis of InN nanoparticles. GaN
colloidal nanoparticle synthesis is used as a starting point for designing an analogous InN
synthesis method. The protocol for highly soluble, individual InN nanoparticles is then
described and the resulting nanoparticles are characterized by a variety of methods,
including electron microscopy, x-ray diffraction, energy dispersive spectroscopy, x-ray
photoelectron spectroscopy, optical absorption, and photoluminescence.
Chapter 3 builds on the InN synthesis and looks toward developing a solution
synthesis method for InxGayjxN. After identification of a candidate gallium source, a
combinatorial approach is taken, and the resulting materials are subjected to post-
synthesis acid treatments to remove oxide and metal byproducts. The nanoparticles are
analyzed by energy dispersive spectroscopy, x-ray diffraction, electron microscopy,
optical absorption, and photoluminescence. Trends for both lattice spacing and bandgap
are examined according to final indium proportions.
Chapter 4 presents work that utilizes CdSe nanoparticles as a model nanoparticle
system to explore M13 bacteriophage-templated self-assembly of nanoparticles. Layer-
by-layer polymer deposition creates a platform on which M13 viruses assemble into a
dense, close-packed, two-dimensional monolayer. Genetic engineering provides the virus
with a negatively charged surface that attracts and assembles positively charged
nanoparticles along its length. Robustness of the protocol is discussed with regards to pH
and other phage growth properties.
Chapter 5 closes the thesis with a look at the future directions of this research.
While the structural characteristics of the InN nanoparticles are good, one missing
component is strong emission, which may be mediated by development of a core-shell
nanoparticle system. Furthermore, for both InN and InGaN systems, controllable doping
and a better understanding for achieving the intrinsic semiconductor state is important for
developing electronic devices. In the biomedical directions, these new nanomaterials
need to be subjected to a variety of tests including toxicity and cell uptake before
admitting them as new fluorescent candidates for medical imaging. Finally, for phage
templated assembly of nanoparticles, an ambitious goal of extending the current work to
the development of three-dimensional scaffolds for nanoparticles is discussed.
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Chapter 2: InN Nanoparticle Synthesis
2.1 Motivation for a new InN nanoparticle synthesis
Group III-Nitrides have attracted much attention for their optical and electronic
properties, such as a wide range of direct bandgaps and high electron mobility.' Of the
Group III-Nitride semiconductors - AlN, GaN, and InN - InN has been the least studied,
but recent results have shown strong potential for a variety of applications: its small
effective mass and large intervalley energy separation promises high electron mobility for
high-frequency devices; 2 its direct bandgap and possibility for alloying with other III-
nitride materials holds promise for broad-spectrum solar cell3 devices. Exploring the
possibilities for InN has provided much motivation for understanding its intrinsic
materials properties, especially in light of the latest debate about its bandgap. Amended
from the previously accepted value of 1.9 eV, there is evidence that the bandgap may be
as low as 0.7 eV . The controversy persists, in part, from the difficulty in growing high
quality films of InN, a material with poor thermal stability and without suitable lattice-
matched substrates for epitaxial growth. InN has a very low dissociation temperature
(500'C) and high equilibrium nitrogen vapor pressure, making the material difficult to
grow under traditional MOCVD conditions.5 In addition, epitaxial films grown on
sapphire substrates are subjected to -25% lattice mismatch, which contributes to the
formation of high densities of dislocations and limits the film thickness. There has been
some success, however; InN films grown by MBE on germanium substrates may be
practical candidates for vertical conduction devices despite the remaining structural
67defects.' Nevertheless, an alternate approach for studying highly crystalline InN is to
eliminate the need for a substrate and synthesize InN as free-standing nanoparticles or
nanocrystalline powder. Nanocrystalline syntheses offer a new range of techniques and
conditions that allow for lower synthesis temperatures that can reduce InN
decomposition. Furthermore, the formation of nanocrystalline InN makes possible the
heterogeneous integration of InN with other materials and device structures, and allows
for integration with the biological regime.8
2.2 Literature review of InN nanoparticle syntheses
Several groups have synthesized nano-InN through a variety of methods,
including solid-state metathesis reactions,9 ammonolysis, 10-12 and solvothermal autoclave
methods,13-16 though results were typically large agglomerations of nanocrystalline InN
with no reports of high-yield colloidal solubility in organic or aqueous solvents.
A solid-state metathesis reaction has several advantages such as extremely fast
reaction time (< Is) and the ability to use carbon-free precursors. Cumberland et al. used
InI3 and Li3N as starting materials and mediated the speed of the reaction by adding
different proportions of LiNH 2 and NH 4Cl.9 The four chemicals were ground together
and put into a bomb calorimeter-type reaction vessel ignited through resistive heating.
Depending on the initial ratios of the starting materials, this explosive method was able to
create nanocrystalline InN and In metal with no carbon contamination, although neither
grain size nor any optical characteristics for this material was reported. However, this
method was difficult to control, yielded reaction temperatures of up to 1300K, and
required a specially designed heat dissipating cell, all of which reduced the efficiency and
the potential of the reaction for scaling up.
Ammonolysis reactions are conducted in a tube furnace where the indium source
is held in a ceramic boat, and ammonia gas is passed over it at high temperature. At
temperatures above 10000 C, ammonia cracks into a highly reactive nitrogen species. This
method converts oxides to nitrides so indium oxide nanopowders are typically used as a
starting material.' 1  It was shown that the morphology of the resulting InN could be
controlled by the temperature of the furnace. Lower temperature reactions (600'C)
produced wurtzite InN nanoparticles alongside unreacted indium oxide while higher
temperatures (730'C) generated aggregated microplates and nanowires.12 Ammonolysis
has also been attempted on ammonium fluoride-based precursors, though the primary
goal in that work was to synthesize InGaN.' 0 While the methods were similar, it reported
only the formation of wurtzite InN at temperatures > 550'C despite the presence of Ga in
the original precursor. It was also noted that the hexagonal InN displayed no visible
luminescence.
Solvothermal autoclave methods are perhaps the most popular methods for
producing nanocrystalline InN because it allows for the use of soluble, indium-based salts
that are simple and economical. It uses a closed, high-pressure environment at low
temperatures, discouraging decomposition of the nitride after formation. Though it seems
that many different starting materials can be used, in fact, there are few successful
reports. Refluxing an InCl3-urea complex in trioctylamine (bp 365*C) reportedly yielded
wurtzite InN, though little structural or chemical evidence was presented.' 5 Another
solvothermal method with InCl3 and xylene mistakenly reported the formation of InN;
upon closer inspection of their x-ray data, it was clear that the result was a mixture of
indium metal and oxide. 7 However, InI313 and In 2S314' 18 have both resulted in crystalline
nanoparticle aggregations at unprecedented low temperatures of 180-230*C, though
resulting photoluminescence did not agree on the bandgap value of the material.
It is interesting to note that despite the numerous methods of producing
nanocrystalline InN, there is no consensus or underlying theory that unifies the wide
range of optical absorption and photoluminescence results. Structural and chemical
analyses identify the products consistently as InN, but optical measurements appear
jumbled. This brings to mind the history of GaN thin-film growth where true optical and
electrical properties of the material could not be revealed until high quality material could
be grown. Optical properties can be particularly sensitive to defects that are difficult to
ascertain by large-scale measurements, especially when compounded with nano-regime
challenges. Thus far, as mentioned previously, synthesized nanocrystalline InN are
typically large agglomerations with no reports of individual, colloidal solubility in
organic solvents. Discrete colloidal nanoparticles would not only be amenable to large-
area deposition methods when looking toward building devices but also allow for a new
set of optical measurements that may elucidate the bandgap debate.
2.3 Experimental methods for a new InN nanoparticle synthesis
Solvothermal synthesis by definition has a solvent heated beyond its boiling point
but kept in the liquid state by its own vapor pressure inside a closed container. Because
InN can be formed at temperatures below 200*C, it may be possible to synthesize the
material in solution at ambient pressures, which removes the autoclave portion of the
reported syntheses and reduces the possibility of explosion. Many long-chain alkanes
have high boiling points and good solubility with simple halide salts and amides, which
have seen relative success in literature. Simple halide salts and alkali amides are also
good starting points because they are relatively inexpensive, commercially available, and
easy to store. Therefore, combining these precursors in a high-temperature boiling
solvent makes an ambient pressure, liquid-phase synthesis a reasonable platform for
growing InN nanoparticles.
Because a low-temperature, ambient pressure, solution synthesis for non-
aggregated colloidal InN nanoparticles had not been reported, the general strategy for
developing this synthesis was to look towards GaN colloidal quantum dot syntheses.
GaN, a fellow III-nitride, is a more rigorously studied material and has more supporting
literature. With a GaN nanoparticle synthesis as a starting point, the gallium precursor
would be replaced by an analogous indium precursor. Following that, the parameters of
the synthesis, such as the temperature and the duration, would be systematically altered to
maximize InN yield and minimize undesired byproducts. If unsuccessful, a more
extensive search of both indium and nitrogen sources would be required. Synthesis post-
processing would focus on solubilizing the particles for organic and aqueous solvents,
increasing application flexibility towards large-area deposition and integration with
biologics.
2.3.1 Adapted method for the synthesis of colloidal GaN nanoparticles
A logical starting point is Micic's method for colloidal GaN quantum dots. 19 This
successful GaN synthesis is both low-temperature and ambient pressure. Furthermore, it
produced individual, non-aggregated nanoparticles that could be suspended in organic
solvents, albeit in low concentrations, which thus far, is a condition not reported for InN
nanoparticles. Briefly, in our adaptation, 2.0 g of GaCl 3 was combined with 1.8 g of
LiN(CH3)2 in 100 mL anhydrous hexane under an inert atmosphere and allowed to mix
overnight. Afterwards, the mixture was left undisturbed for several days, allowing the
LiCl precipitate to settle to the bottom of the flask. Under nitrogen or argon atmosphere,
10 mL of the hexane supernatant, which held the precursor dimer Ga2[N(CH3)2]6, was put
in a 50 mL three-neck, round bottom, borosilicate glass flask with a glass stir bar. 8 mL
of trioctylamine and 0.5 g of hexadecylamine were added to the flask. The flask was then
sealed with rubber septums and brought out into a laboratory hood with a prepared
condenser topped with a bubbler. Ammonia gas, delivered into the sealed flask through a
syringe needle piercing one septum, created a higher pressure inside the flask, which
allowed the central septum to be removed and the flask attached to the condenser without
allowing backflow of air into the flask. The gas flow remained steady for the duration of
the synthesis. A thermocouple through the third septum monitored the reaction
temperature while the stir bar maintained homogeneity of the solution. During the
beginning of the temperature ramp to 300'C over 4 hours, the solution changes from
transparent liquid to an opaque, milky white gel. Simultaneously, the temperature of the
mixture rises linearly to approximately 90*C, after which the rise slows while the hexane
was slowly boiled out of the system through the bubbler. Once all the hexane was
evaporated, the solution temperature continued to rise to 300*C. The heater was turned
off after 20 hours at 300*C, and the continuing flow of ammonia helped cool the solution
to room temperature. The final solution consisted of off-white or light yellow solids in a
slightly yellow tinted liquid.
Despite the presence of hexadecylamine as a surfactant, the resulting solid
product was not soluble in organics in significant proportions. Micic's own product had
an estimated solubility at less than 5%.19 It was, however, possible to solubilize the
particles in water with the addition of a second surfactant, octylamine. To prepare water
solubilized nanoparticles according to a method developed by Youjin Lee, the GaN
product was first washed several times with hexane and ethanol to remove any residual
salts and unbound organic molecules. Then, a portion of the product was sonicated with 2
mL hexane in a 20 mL scintillation vial until large aggregations were dispersed and the
solution appeared translucent but homogeneous. 50 pL of octylamine was added, and the
solution was stirred vigorously for 30 min. Subsequently, 5 mL of water was added,
followed by 1 mL of 0.5 M hydrochloric acid, pipetted dropwise until the water and
hexane appeared miscible. The solution was gently heated while being stirred briskly
until all of the hexane evaporated and the nanoparticles migrated into the aqueous
portion.
This method synthesized colloidal, zinc-blende, aqueous GaN nanoparticles 3.13
nm ± 14.7% in diameter. Optical absorption measured in Spectrosil@ cuvettes of particles
temporarily suspended in toluene showed a discernable shoulder at 300 nm. The presence
of a slight peak suggests some monodispersity, though as seen under transmission
electron microscopy, the range of particle diameters is broad enough to not be considered
monodisperse (< 5%). 5 nm is the critical size for quantum confinement in wurtzite phase
GaN and at 3 nm in diameter, the bandedge emission has been calculated to 300 nm, a 60
nm shift from bulk bandedge emission.2 0 While the current samples are cubic instead of
wurtzite, the difference between the wurtzite and zinc-blende structures is small, merely
an increase in bond length along one of the tetragonal axes, so it is often assumed that
wurtzite calculations can be generally applied to zinc-blende phases with relative
confidence. Thus, the 343 nm emission seen in the microphotoluminescence
measurement can be, on first order, attributed to quantum confinement acting on expected
bandedge emission of 380 nm. Under ultraviolet illumination, the suspended GaN
nanoparticles glow a whitish blue color.
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Figure 2.1: X-ray diffraction pattern of GaN nanoparticles. Despite peak broadening from small particle
sizes, they can be clearly matched to zinc-blende GaN. The asymmetry at 20 = 340 arises from the
amorphous hump of the glass sample holder.
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Figure 2.2: (left) TEM image of water solubilized GaN nanoparticles dispersed on a carbon film. (right)
Histogram of the GaN nanoparticles size distribution indicating nearly monodisperse 3 nm nanoparticles.
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Figure 23: Plot shows absorption and emission spectrum of GaN nanoparticles temporarily suspended in
toluene. The absorption peak lies at 300 nm while the emission peak is at 343 nm. (inset) Water solubilized
GaN illuminated by room (left) and ultraviolet (right) light.
2.3.2 Modification of GaN synthesis for InN
With the familiarity of the GaN nanoparticle synthesis and the recognition of the
structural and optical characteristics of GaN nanoparticles, results of the modification of
the synthesis for InN would now have a frame of reference. A simple replacement of
GaCl 3 with InCl3 immediately revealed a dramatic difference in the solubility of these
precursors in hexane. InCl3 was insoluble in hexane at room temperature, which
prevented the formation of the analogous dimer In 2[N(CH3)2]6. Thus, several solvents,
including tetrahydrofuran, diethyl ether, acetonitrile, 3-pentanone, and 4-heptanone, were
tested as a suitable substitution for hexane. Of those tested, 3-pentanone was chosen
because both InCl 3 and LiN(CH3)2 dissolved in it, but LiCl remained insoluble. Also, it
was hoped that the similar molecular structures of 3-pentanone and hexane would not
interfere with the formation of the analogous indium dimmer. Because bulk InN
decomposes at a temperature significantly lower than GaN, the peak temperature of the
synthesis was reduced to as low as 200*C. Unfortunately, without any other changes,
these modifications repeatedly produced indium metal, indium oxide, or a combination of
both.
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Figure 2A: (left) TEM image of large indium oxide crystals, a common result from the first synthesis
attempts at InN. (right) XRDs of synthesized products indicating no InN was formed. Starred peaks are
unidentified contaminants.
The unsuccessful results suggested either In2[N(CH 3)2]6 was more likely to
decompose into metal or oxide rather than nitride or the dimer was not an energetically
favorable product of the first step. Hence, a reexamination of the InN literature suggested
a simple indium amide, Ln(NH 2)3, could decompose into nitride through the pyrolysis
reaction the following reaction: 21
In(NH 2)3 -> InN + 2NH3
In(NH 2)3 can be formed by metathesis, an exchange of bonds between two molecules, of
indium halides and simple amides. In total, 4 halides and 1 sulfide were tested against 2
amides in 4 high-temperature boiling solvents at 5 different soak temperatures. (Table
2.1) A sufficient number of combinations were analyzed to determine the best precursor
candidates enabling the synthesis of InN. In mixed oxide and metal results, a general
trend showed that decreasing the reaction temperature or duration reduced the formation
of oxide but had no strong effect on the presence of metal. Although the syntheses were
conducted in a rigorously air-free manner, the oxide may be a result of oxygen impurities
in the flow gas or from the borosilicate reaction flask itself. Several uses of the flask with
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a glass stir bar led to roughening of the interior surface, which may be a source of
adsorbed oxygen. While not all reported syntheses indicated the material of their reaction
vessels, autoclave solvothermal methods that did not encounter oxide formation typically
used stainless steel. Significant ammonia decomposition is only expected above 1000*C,
so it was not considered to be a nitrogen source for the nitride. However, replacing
ammonia with a nitrogen atmosphere inhibited all formation of nitride, indicating
ammonia plays an indirect role in the synthesis. Indium metal was an unshakeable
byproduct despite the ability to reduce the presence of oxide in the product. Results of the
combinatorial experimental approach presented InBr 3 as the surprising choice precursor,
since it has largely been rejected as an InN precursor candidate in literature.
Table 2.1: Partial list of InN solvothermal synthesis reactants and results.
Indium source Nitrogen Source Solvent Results determined by XRD
InF3  NaNH2  Trioctylamine In2O3, In metal
InCl3  LiNH 2  Trioctylamine In 20 3
InBr 3  NaNH2  1-Hexadecene In 2O3
InBr 3  NaNH2  Hexadecane In 2O3, In metal, InN
InBr 3  NaNH2  Trioctylamine In2O3
InI3  LiNH2  Trioctylamine In 2 0 3, In metal, InN, unknown
InI3  NaNH2  Trioctylamine unknown
In 2 S3  NaNH2  Dodecane In metal, NaInS 2
In2S 3  NaNH2  Trioctylamine In metal, small amount of InN
Encountering indium metal is not unusual as several groups have reported it as a
byproduct in InN synthesis.9' 17, 22 In some cases, the metallic byproduct resulted in the
disqualification of the precursors as candidates for InN nanoparticle synthesis. One
prominent example lies with Wells and Janik, who were unsuccessful with InBr3 and
22 1Li3N. Their metallic results directly influenced other researchers, such as Xiao et al.'
and Wu et al.13 to specifically avoid InBr3 in solvothermal methods, citing InBr 3's weaker
covalent bond, as compared to In2S3 and InI3, as a low barrier to indium metal formation,
despite mild success in solid-state methathesis reactions.9 Nevertheless, of all the
reagents tested under the adapted liquid-phase synthesis system, InBr 3 and NaNH2
produced the largest proportion of InN without unknown byproducts. That being said,
one byproduct that could not be avoided was indium metal, which means post-synthesis
processing will in addition need to address the removal of this contaminant.
Since the product is a loose powder, wet-etching seemed the most appropriate
method over plasmas or other approaches. Semiconductor processing offers many
choices for post-synthesis wet etching of contaminants. Commonly used acids and bases
for removal of metals include aqua regia, nitric acid, hydrochloric acid, potassium
hydroxide, and sodium hydroxide. Oxides are typically removed by hydrochloric acid,
hydrofluoric acid, or a buffered oxide etch. Thin film tests indicate the IlI-nitrides are
inert to acids,23 though some uneven pits can be achieved with potassium hydroxide.2 4
Hydrochloric acid (0.5 M) treatment of the mixed metal-nitride product resulted
in an immediate change in the color of the product from black to purple, which after
several hours, became colorless. The resulting white solid could not be identified by
powder x-ray diffraction (XRD). On the other hand, a brief exposure to 3.4% nitric acid
removed indium metal from the sample with high efficiency. Interestingly, washing the
nanoparticles with hydrochloric acid after nitric acid treatment resulted in no change in
the material detectable by XRD. Furthermore, it was found that not only could the metal
in the mixed metal-nitride be preferentially removed by nitric acid, but it was also critical
in making high-yield colloidal InN nanoparticles. The nitric acid treatment appeared to
dissipate large aggregations and allowed for the attachment of a surfactant, which
solubilized the nanoparticles in organic solvents.
The above modifications allowed for a new liquid-phase method for the synthesis
of single-phase wurtzite InN nanocrystals from a previously dismissed simple halide salt
precursor, InBr 3. In addition, the new method is both low-temperature (250*C) and
ambient pressure, which reduces many of the complications implicit to autoclave,
solvothermal-based procedures. Post-reaction
processing of the resulting mixed metal-nitrideU, aggregates released the nitride nanoparticles from large
aggregations. Subsequently, when combined with a
surfactant, these individual nanoparticles were
completely dispersed in organic solvents, forming
brown transparent solutions. These colloidal
nanoparticles are substrate independent, uniformly
Figure 2.5: High concentration
(left) and low concentration of InN
nanoparticles with oleylaine dispersed, and stable for several months at ambient
surfactant in toluene. The solutions
are stable for several months under conditions.
ambient conditions.
2.4 New colloidal InN nanoparticle synthesis method
1 mmol of InBr3 was combined with 3 mmol of NaNH 2 in 10 mL of hexadecane,
a high-temperature boiling solvent, under a nitrogen atmosphere in a 50 mL three-neck,
borosilicate round bottom flask. The flask was attached to a condenser and bubbler by
backfilling the flask with ammonia gas during the transfer. For the duration of the
reaction, ammonia gas flowed into the flask and out the bubbler through a syringe needle
pierced through a rubber septum. This created an oxygen-free atmosphere while allowing
the synthesis to remain at ambient pressure. The solution was stirred briskly with a glass
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stir bar and heated to 180*C in 10 minutes, then slowly ramped to 250*C over 3 hours.
The solution was held at 250*C for 10 hours and cooled to room temperature over 5
hours. Ammonia gas flow was not removed until the solution returned to room
temperature and the synthesis was complete. Post-synthesis processing followed. The
resulting black solids were separated from hexadecane by centrifugation and rinsed with
hexane. The black solid was then washed repeatedly with recirculating hot methanol in a
Soxhlet configuration to remove NaBr salt. The dried powder was subsequently sonicated
with 3.4% nitric acid for 2 minutes, washed repeatedly with ethanol until the supernatant
was clear, and immediately immersed in excess oleylamine. After sonicating the product
in oleylamine for 5 minutes, excess oleylamine was removed by centrifugation with
ethanol, and the particles were suspended in toluene. A single flocculation with ethanol
removed any remaining oleylamine, and the particles were resuspended cleanly in toluene
for long term storage. Any remaining large aggregations were removed by filtration.
Both InBr3 and NaNH 2 have moderate solubility in hexadecane at room
temperature, but as the solution heats, increased solubility drives the formation of NaBr,
making the solution milky white in color. During the reaction, the color gradually
changed from white to brown to black. Because the reaction did not involve a surfactant,
the resulting black product was not soluble in hexadecane, requiring the addition of a
surfactant, oleylamine, before the particles could be solubilized in toluene in high
concentrations. Octylamine, a molecule similar to oleylamine, could also be used as a
surfactant but was not as robust as oleylamine. Once in solution, the particles remained
stable and did not precipitate over several months.
2.5 Characterization and results of InN nanoparticles
Characterization of the nanoparticles fell under three broad categories: structural
characterization, chemical characterization, and optical characterization. Structural
studies were conducted by high-resolution transmission electron microscopy
(HRTEM/TEM) on a JEOL 2010, JEOL 2011, or JEOL 2010F TEM, all operated at 200
kV. Powder x-ray diffraction (XRD) was conducted on a Rigaku X-Ray Diffractometer
with Cu-Ka radiation operating at 300 mA and 50 kV. Chemical analysis was performed
by energy dispersive x-ray spectroscopy (EDS) on a JEOL 2010 or JEOL 2010F and x-
ray photoelectron spectroscopy (XPS) on a Kratos Axis 165 using monochromatic Al-Ka
of photon energy 1486.6 eV. Optical data included UV-Vis-NIR absorption measured by
diffuse reflectance of loose powder with a praying mantis configuration on a Cary 5E
spectrophotometer. Room temperature and low-temperature (77 K) photoluminescence
(PL) measurements in the visible and infrared were conducted on a Fluorolog fitted with
both a xenon lamp light source and argon laser (488 nm).
2.5.1 Structural characterization
2.5.1.1 Powder x-ray diffraction (XRD)
XRD was used to determine both the resulting crystal structure of the InN and to
verify the removal of indium metal. Finely ground sample powders were packed into
glass sample holders, which created a low-intensity, broad, amorphous background peak
around 20 = 250. Figure 2.6 depicts the diffraction spectrum of one sample before nitric
acid treatment in post-reaction processing (top curve) and the diffraction spectrum of an
aliquot of the same sample after nitric acid treatment. The higher noise level seen in the
second spectrum is a result of the smaller sample volume and background removal. The
two sets of three peaks at 26 = 28*-34* and 50*-64' correspond to wurtzite phase InN
with lattice parameters a = 3.547 ± 0.002 A, c = 5.759 ± 0.016 A and grain sizes of 6.6
2.0 nm. The lattice values are near previously published values for InN nanopowders, a =
3.552 A, c = 5.716 A'4 and a = 3.544 A, c = 5.705 A.'3 Although the a lattice parameter
is sandwiched by other a values reported for InN nanopowders, the c parameter appears
significantly larger. However, both parameters match closely with parameters calculated
for wurtzite InN from first principles, a = 3.544 A and c = 5.762 A. 5 Using Reference
Intensity Ratio methods (RIR) after profile fitting, the average proportion of nitride:metal
by mass was determined to be 90:10 across all samples. Removal of the metal was
confirmed by the disappearance of peaks at 26 = 360, 390 and a change in the intensity
ratios of peaks 26 = 290:330 from 1:3.2 to 1:2.1. It is interesting to note that InN can exist
as either hexagonal or cubic crystal structures, though wurtzite is more energetically
stable. GaN has the same characteristics but has only been reported cubic in its
nanocrystalline state.
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Figure 2.6: Normalized XRD of typical InN synthesis products before (top curve) and after (bottom curve)
nitric acid treatment. Reference InN and In metal peaks are along the bottom of the plot.
Rietveld refinement simulation of the diffraction data reveals unexpected peak
intensities. In particular, the (100) and (002) peaks at 20 = 28.90 and 31.7*, respectively,
have larger observed peak intensities than predicted by simulation, even after systematic
errors such as specimen displacement have been considered. The (102) peak at 20 =
43.30, on the other hand, is much smaller than expected. This effect could not be
explained by preferred orientation for the powder. Indeed, electron microscopy images of
the nanoparticles shown later in this chapter did not reveal rod- or plate-like
morphologies for the product. Another possibility that can contribute to the additional
peak intensities is the presence of small amounts of cubic, zinc-blende InN. However, the
powder diffraction pattern for zinc-blende InN is purely theoretical,26 27 and no cubic InN
powders have thus far been reported. Cubic InN thin films have been measured and
identified based on the (200) peak at 20 = 36.40 .28 The hypothetical cubic diffraction
pattern would boost the intensity of the (002) peak but would also introduce a new peak
at 20 = 36.40, which is not visible in the observed spectrum, suggesting that a second
cubic phase is not present within the wurtzite phase.
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Figure 2.7: Observed XRD data compared to Rietveld simulations under different conditions.
The discrepancy in peak intensities may also be partially described by disorder.
Rietveld simulation produces a diffraction pattern slightly more similar to the observed
pattern when the site occupancy of Inin is reduced to half. This suggests that either there
are many indium vacancies or Ini,, has been replaced with NIn, which has been
demonstrated under both high and low nitrogen pressure in thin films. 29 Kuo and Shih's
low temperature, radio frequency sputtered, randomly oriented films show a larger than
expected (002) peak in XRD as well as Nin species in XPS. 29 While this is a possibility
for the InN nanoparticles and may be corroborated by XPS data, it can not account for all
the peak intensity discrepancies observed. It is likely that a combination of factors, both
known and unknown, contribute to the unexpected peak intensities in the observed
diffraction.
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Figure 2.8: Close up of XRD data and Rietveld simulation showing peak intensity discrepancies.
2.5.1.2 High resolution transmission electron microscopy (HRTEM)
Samples for transmission electron microscopy were prepared by dropcasting on a
carbon coated copper grid. Powders before nitric acid treatment were sonicated in ethanol
to create a temporary suspension before dropcasting. Solubilized, surfactant coated
particles were diluted and dropcast from toluene. HRTEM images clearly show the
change in morphology resulting from the nitric acid treatment. Figure 2.9 depicts a
typical agglomeration before acid treatment. These aggregations vary in size, ranging
from several tens of nanometers to several hundreds of nanometers and do not disperse
even after prolonged sonication at low concentrations. The irregular structures are similar
to the morphologies of previously reported nanopowders.14' 17 These large aggregations
could not be suspended in organic solvents, even after the addition of surfactants.
However, after the acid treatment, a dramatic difference was seen. The large aggregations
separated into many smaller, individual, irregularly shaped InN nanocrystals, which were
easily solubilized in toluene with the addition of oleylamine. Figure 2.10 shows that the
resulting nanoparticles are single-crystal and well dispersed. Although the particles are
irregularly shaped, the average particle "diameter" was approximated by averaging the
particle areas as seen under HRTEM. With this method, the average particle size was 6.2
± 2.0 nm, (Figure 2.11) in close agreement with the XRD FWHM estimations. The low
monodispersity prevents the particles from spontaneously close-packing though some
small scale ordering is evident in the left image of Figure 2.10.
Figure 2.9: Left image shows typical agglomeration of InN and In metal before acid treatment. The high
resolution image on the right shows lattice fringes indicating many small crystalline domains. Images taken
by Dr. Dong Soo Yun.
Figure 2.10: Left image shows individual particles after acid treatment. The high resolution image on the
right shows that the nanoparticles are single crystal with no apparent oxide or secondary phase surrounding
the surface of the particles. Images taken by Dr. Dong Soo Yun.
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Figure 2.11: InN nanocrystal size distribution. The particles are 6.2 ± 2.0 nm.
With regards to the nitric acid treatment, prolonged acid exposure did not appear
to etch the nanoparticles since XRD did not indicate a change in peak width. However,
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exposures of over 20 min encouraged the particles to irreversibly aggregate. As a result,
oleylamine was not able to coat the particles in order to solubilize them. If the samples
were also subjected to an overnight 5% hydrofluoric acid etch to remove oxides, they
also remained agglomerated.
Diffraction patterns obtained from Fast Fourier Transformation (FFT) of high
resolution images confirmed that these InN single crystals have the <0001> zone axis for
wurzite InN with the P63mc space group. The nearest three spots in the diffraction
patterns with [0001] zone axis can be indexed to the (1010), (0 110) and (1 100) planes.
(Figure 2.12) According to the lattice fringes of the InN nanocrystals, the lattice spacing
between two planes is -0.307 nm, corresponding to the distance of two {100} planes
(JCPDSO1-088-2362). Theoretically, the angles between the nearest spots should be 60*
and the distance between origin point and spots should be the same in the single crystal
with [0001] zone axis. As seen in the diffraction pattern (Figure 2.12), both interplanar
angles measured among three spots are ~60* and the ratio of B to A is -1, consistent with
theoretical values of [0001] zone axis.
migure z.12: (a) High-resolution image depicting single-crystalline nature ot nanoparticles. Lattice spacing
corresponds to the distance between two {100) planes. (b) Diffraction pattern obtained by Fast Fourier
Transform (FFT) of high-resolution TEM image (a). Images taken by Dr. Dong-Soo Yun.
Figure 2.L: (a) High-resolution image depicting single-crystalline nature of nanoparticles. Lattice spacing
corresponds to the distance between two { 100) planes. (b) Diffraction pattern obtained by Fast Fourier
Transform (FFT) of high-resolution TEM image (a). A = 64*, B = 54*. Images taken by Dr. Dong-Soo
Yun.
2.5.2 Chemical characterization
2.5.2.1 Energy dispersive x-ray spectroscopy (EDS)
EDS was ideal for quickly and qualitatively confirming the presence of indium.
No sodium or bromine was detected, indicating the methanol wash effectively removed
them from the sample. High levels of carbon and oxygen were consistently measured
across the TEM grid over both areas with and without nanoparticles. Sources of carbon
include the grid film itself, adventitiously adsorbed carbon, and oleylamine surfactant.
Oxygen contaminants also arise from ambient adsorption. Unfortunately, nitrogen could
not be detected because nitrogen was more likely to undergo Auger transitions as
opposed to releasing x-rays. Several spots on each sample were measured for 100 s each
to check for consistency and overall trends. Samples before and after nitric acid treatment
showed practically identical spectra, indicating the inability to differentiate between
different indium chemical species.
Figure 2.14: EDS spectrum of InN nanoparticles. Silicon and copper are artifacts of the grid and detector.
2.5.2.2 X-ray photoelectron spectroscopy (XPS)
Quantitative information on the chemical states of the nanoparticles before and
after nitric acid treatment were determined by XPS. The powders were pressed into a thin
layer on conductive copper tape. Four atomic species - carbon, nitrogen, oxygen, and
indium - were measured, and the data were calibrated to the C Is peak (284.8 eV).
Oxygen and nitrogen peaks can be seen in Figure 2.15.
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Figure 2.15: XPS data of nitric acid treated InN. All peaks have been calibrated to C Is, 284.8 eV.
Carbon. Since oleylamine was not added to the samples before XPS, it was
assumed that the largest peak seen for C Is was adventitious carbon contaminant and
therefore used for calibration. Higher carbon binding peak energies most likely arise from
residuals of the synthesis process.
Oxygen. Three distinct chemical states can be seen for oxygen. The center peak at
531.6 eV corresponds well to oxygen adsorption, which is not surprising as the samples
were stored in air. The higher binding peak at 532.8 eV appeared only after nitric acid
treatment and thus, can be attributed to residual nitrates in the sample. The oxygen
shoulder evident at 530.1 eV indicates a small portion of indium oxide in the sample
despite no indication by XRD.
Nitrogen. Excluding the nitrogen of residual nitrates at 407.1 eV, there are three
different chemical states for nitrogen, indicating the synthesis does not produce a
homogeneous InN. The broadening of the peak at 396.6 eV towards higher binding
energies suggests more than just In-N bonds are present, and deconvolution of the peak
reveals three peaks located at 396.6, 397.3, and 399.4 eV.
N 1s/7
Other groups have also observed an asymmetric broadening of the N Is peak in
the same manner with InN thin films grown under MBE, CVD, and RF sputtering
conditions. 30 When comparing the nanoparticles to the thin film data, there is a -0.7 eV
shift apparent in both the N Is and In 3d spectra, which is most likely a result of Fermi
level variations on the nanoparticle surface. Butcher et al. describe MBE and CVD
samples with a second peak in the nitrogen spectra at -397 eV. 30 While they could not
define the origin of the peak, the authors suggested that it represents a defect species that
may affect optical properties. Interestingly, they did not observe the defect in sputtered
films, though Kuo and Shih did.2 9 Kuo and Shih assigned this peak to N, a positively
charged intrinsic defect. This peak lies at a similar position as the 397.3 eV peak in the
InN nanoparticles, and if attributed to nitrogen-on-indium defects, may partially explain
the peak intensity discrepancies observed by XRD. Peaks at -399 eV have been
attributed to N-H bonds3 0 or nitrogen interstitials. 29 However, the presence of nitrogen
interstitials is expected to reduce the c and increase the a lattice parameters, 29 which has
not been observed in the InN nanoparticles. Therefore, N-H bonding is a more reasonable
explanation, especially given the synthesis reaction occurs through pyrolysis of an indium
amide.
Indium. Examination of the In 3d5/2 and In 3d3/2 peaks of the powder before nitric
acid treatment shows two separate chemical species, and there is a clear elimination of
the lower energy peaks after acid treatment. In Figure 2.16, the peaks at 444.8 eV and
452.2 eV correspond to In-N bonds' 8 31, 32 while the peaks at 443.8 eV and 451.3 eV
correspond to indium metal. There is, however, a slight mismatch in the fitting of the
post-treatment curves, indicative of slight differences in bond energy possibly due to
defect states, though the contributing peaks cannot be reasonably deconvoluted. It should
be noted that bulk indium metal was also measured with the intent of being a reference
for indium metal peaks. However, the bulk indium metal peaks did not correspond to any
of the indium peaks in the sample. Size can affect electronic properties, and a change in
electronic properties can be reflected in core level energies of atoms in nanoparticles.
Therefore, it should not be surprising that nanocrystalline indium does not possess the
same energy levels as bulk indium metal.
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Figure 2.16: XPS data of the In 3d5/ and In 3d3/ peaks. Two distinct chemical states can be seen before
the nitric acid treatment. The metallic indium chemical species is no longer detectable after the nitric acid
treatment.
XPS peak areas can be used to determine ratios of different chemical states and
atomic species. Calculating the chemical state ratios from the In 3ds/2 and In 3d3/2 peak
areas before nitric acid gives an average nitride:metal atomic ratio of 79.7:20.2, less
.. ......  ......  .. .....
nitride than indicated previously by XRD. To ascertain atomic ratios between indium and
nitrogen, commercially available InN (Aldrich, 99.9% metals basis) was used as a
standard to calibrate the measurements. Although the reference standard was actually a
mixture of nitride and oxide, the nitride and oxide states could be clearly distinguished in
the indium peak component. Hence, only the nitride-associated indium peak was used in
calibration. Atomic ratios of In:N were measured to be 1.2:1 after acid treatment when
compared to the commercial reference, indicating nitrogen-deficient InN. Due to the
volatility of nitrogen as compared to other nitrides, most InN thin films have been
slightly nitrogen deficient.34 Nevertheless, the relative peak areas are similar to two
previous reports of nearly stoichiometric InN. 13,32
2.5.3 Optical characterization
2.53.1 UV-Vis absorption
While it was possible to measure absorption of the InN nanoparticles in solution
once they were capped with oleylamine surfactant, this method resulted in significant
interference due to scattering. Because the nanoparticles were not monodisperse
(diameters ± 5%), there was no signature quantum dot absorption peak or shoulder over
the monotonically decreasing absorption background. To eliminate the effect of scatter,
the absorption was measured by diffuse powder reflectance normalized to potassium
bromide, which remains evenly reflective from 350-3300 nm. Bandgap could be
calculated from the absorption data by linearly extrapolating the square of the absorbance
to the x-axis (eV). The absorption properties were unaffected by nitric acid treatment. In
Figure 2.17, absorption data indicates a direct bandgap transition, as expected for InN,
and an extrapolated bandgap value of 1.29 eV. This value is much larger than 0.7-0.9 eV,
the most recently accepted bandgap values for InN, but lower than the previously agreed
upon value of 1.9 eV. It has been noted, however, that variation of bandgap between 0.7-
1.7 eV may be a result of varying electron concentration35' 36 or the Burstein-Moss
effect.3 7 In this case, the Burstein-Moss effect may have been induced by incomplete
decomposition of ln(NH 2)3 with the extra hydrogen interstitials acting as electron donors.
A large number of carriers in the conduction band would occupy states such that an
electron at the top of the valence band must absorb additional energy beyond the bandgap
in order to cross over to the conduction band. In the absorption spectrum, the Burstein-
Moss effect results in an artificial inflation of the true bandgap.
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Figure 2.17: Absorbance squared data of InN after nitric acid treatment. Dotted line is linear extrapolation
from which bandgap energy was calculated.
In the low energy region of the absorption spectrum, absorption increases due to
free carrier absorption. This indicates that the material has a strong carrier concentration
effect though the density or carrier concentration cannot be qualitatively determined from
the absorption data. When plotted on a logarithmic axis, the portion due to free carrier
absorption is linear, suggesting the presence of an Urbach tail, which is a result of defect
states just within the bandgap edge. Butcher et al. uses the onset of the Urbach tail as a
direct measurement of the maximum magnitude of the Burnstein-Moss effect in its ability
to inflate the perceived bandgap from the actual bandgap.37 The onset of the Urbach
region would correspond to electron transitions from just below the bandedge to the top
of the populated states in the conduction band. For these InN nanoparticles, the onset of
the Urbach tail lies below 0.5 eV though currently, limitations of the equipment are
unable to resolve the actual onset. Hence, the inflation of the bandgap due to the
Burstein-Moss effect can be no greater that 0.5 eV, correcting the bandgap calculation to
a minimum value of 0.79 eV, within the reported 0.7-0.9 eV range. Absorption
measurements at several other temperatures would be able to better elucidate the
magnitude of the Burstein-Moss effect.
2.5.3.2 Photoluminescence (PL)
PL measurements conducted at room temperature were taken on toluene solution
samples or thin pressed pellets mounted against quartz. Solution samples were diluted to
reduce reabsorption effects. Unfortunately, no luminescence was observed from 550 nm
to 1600 nm at room temperature or 77 K. With a bandgap of 0.79 eV or below, bandedge
emission would be expected past 1570 nm, near the limit of the InGaAs detector. Despite
high levels of crystallinity observed under TEM, nitrogen deficiencies or a high density
of surface traps in the samples may be obstructing band edge emission in this work.
Furthermore, as discussed in the previous section, the InN nanoparticle material appears
to have high carrier concentrations, enough to induce the Burstein-Moss effect. It is
therefore also possible that fluorescence is quenched by Auger transitions, which are non-
radiative and enhanced with increased carrier-carrier interactions. 38
2.6 Conclusions
Because nitric acid preferentially etches the indium metal, the colloidal InN
nanocrystals were likely originally embedded in a metallic matrix. Or, in other words, it
could be hypothesized that this solution synthesis created metal-coated nitride
nanoparticles where the metallic shells fused with each other. Brief studies on the effect
of the synthesis duration show that even short soak periods of 5 hrs at 250*C lead to
significant indium metal formation. This suggests that the metal formation may occur
simultaneously with the nitride and is not a result of decomposition of the nitride. The
melting temperature of indium metal is only 156*C, and in the typical reaction, the
solution was kept above this temperature for over 15 hours. This allowed sufficient time
for the metal covered particles to coalesce and for the metal to reflow, causing
nanoparticle fusion. Due to the irregular morphology of the aggregations, similar contrast
of the two phases, and nearly identical lattice spacings of the (101) planes, this hypothesis
could not be verified by HRTEM lattice imaging.
As for photoluminescence, quantum yield of GaN nanoparticles produced by the
adapted version of Micic's method were only 0.8%, suggesting that it may be the nature
of the synthesis that is disadvantageous for emission. The GaN nanoparticles were not
probed for the presence of free carriers. If they have high concentrations of carriers,
Auger transitions may also be preventing radiative emission. Hence, this would
reemphasize the importance in examining the synthesis of these nitride nanoparticles and
focusing on growing intrinsic semiconductor material. In addition, InP nanoparticles,
though prepared under completely different reaction conditions, have low quantum yields
not exceeding 0.3% but can reach values of 40% after photochemical etching with
hydrofluoric acid.39 Similar findings have been seen with InAs nanoparticles, indicating
as-synthesized indium-based nanomaterials may be prone to low luminescence
efficiencies but can be enhanced by other means such as chemical etching or core/shell
growth."
In summary, a successful synthesis for colloidal wurtzite InN nanocrystals with an
average diameter of 6.2 ± 2.0 nm utilizing InBr3, a simple metal halide, and NaNH2 in a
low temperature, ambient pressure solution method was developed. XRD, XPS, and TEM
data showed that by using a post-synthesis acid treatment, what was considered an
undesirable byproduct, indium metal, was leveraged for the formation of highly soluble
oleylamine coated nanocrystals in toluene. This method may be applicable for the
synthesis of other nanoparticle materials that have low decomposition temperatures and
high levels of extraneous byproducts. Absorption data of our InN indicates a bandgap
value as low as 0.79 eV, though no corresponding bandedge emission was detected.
Excellent structural properties, high solubility, and good chemical characteristics support
this method as a convincing advancement toward high quality InN nanoparticles. Future
work must focus on resolving the optical and electronic challenges to complete the path.
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Chapter 3: InGaN Nanoparticle Synthesis
3.1 Motivation for InGaN nanoparticle synthesis
In the past few decades, group Il-nitrides have demonstrated tremendous
importance and advantages for many applications including high-temperature, high-
power electronics, and light emitting diodes. In particular, the alloy InGaN is in a unique
position for high efficiency solar cell applications due to the unusually small bandgap of
InN, 0.7-0.9 eV, and the large bandgap of GaN, 3.2-3.4 eV.' Thus, theoretically, the
bandgap of the alloy material InxGalN can be engineered to any value from the infrared
to ultraviolet, allowing specific bandgap tunability and control over nearly the entire solar
spectrum. One calculation claims a 27.49% efficient two-junction tandem solar cell can
reach 40.35% efficiency as a six-junction cell with an open circuit voltage of 5.34 V. 2
InGaN is typically grown as thin films, but a large miscibility gap between GaN
and InN have thus far prevented alloying in all proportions.3 In contrast, full
compositional tunability of the material has been claimed in the nanowire growth regime,
where success is attributed to low growth temperatures and a morphology that allows for
strain-relaxed growth.4 Further reducing the dimensionality from one to zero, growing
quantum dots instead of nanowires, maintains the low growth temperature and increases
application flexibility of the material. Given the bandgap possibilities of InGaN, the high
toxicity of heavy metal nanoparticles,5 and the low toxicity of gallium and indium,6 -8
bioconjugated InGaN nanoparticles can be candidates for an all-purpose biological
imaging label.9 Deep tissue and in vivo imaging require optical absorption and emission
within narrow infrared windows defined by the absorption properties of blood, water, and
flesh; this is a task perfectly suited for tunable infrared quantum dots.'0
Developing an InGaN nanoparticle synthesis offers a new platform from which to
study and overcome the miscibility gap that has prevented full compositional and
bandgap tunability. In addition, the nanoparticle regime opens up biological applications
for this material that are not available for thin film morphologies. Finally, the successful
synthesis developed for colloidal InN nanoparticles (Chapter 2) provides a unique
starting point for InGaN synthesis that begins on the indium-rich end of the spectrum,
opposite to previously reported solution-phase attempts.11' 12
3.2 Literature review of InGaN syntheses
The major obstacle that prevents full alloying capability in thin-films is the GaN-
InN miscibility gap, which arises from a variety of factors including a large difference in
interatomic spacing and growth conditions between the two nitrides. Ho and Stringfellow
calculated the critical temperature for phase separation to be 1250*C, which is well above
the melting point and decomposition temperature of InN.3 They predicted that at typical
epitaxial growth temperatures around 800*C, equilibrium would allow no more than 6%
InN in GaN. This result typically manifests itself as an inhomogeneous film where the
proportion of indium and gallium varies widely across the surface. In many cases, the
InN will decompose, leaving pockets of metallic indium.
Nevertheless, many groups have successfully increased the incorporation of InN
in thin films by carefully controlling growth conditions in metal-organic chemical vapor
deposition (MOCVD)13, 14 or molecular beam epitaxy (MBE) 5 processes, though often at
the expense of crystallinity. As MOCVD is typically governed by diffusion processes,
lower substrate temperatures discourage desorption of indium, which can increase the
amount of indium incorporated. However, lower temperatures also reduce the cracking
efficiency of ammonia, allowing the adsorbed indium a greater chance to reduce to
indium metal. Indium metal causes a snow-balling effect that attracts more indium to
reduce once a puddle grows to a thermodynamically stable radius.' High V/III flux ratios,
low growth rates, and low growth pressure can suppress the formation of indium metal
and also decrease segregation in some MOCVD and MBE methods. Neither method has
reached more than x > 0.5 in InxGaiN thin films,'4 nor do they avoid structural defects
from lattice-mismatched substrates such as sapphire.'6
Overcoming the miscibility gap is also challenging in the nano regime. Self-
assembled quantum dots have been grown by MOCVD through strain-induced Stranski-
Krastonov growth' 7  or surfactant/anti-surfactant-assisted surface free energy
manipulation.' 8 Many of these studies have focused on luminescence without emphasis
on different InxGai1 xN compositions, alluding to the fact that quantum dot interfacial
interactions may have dominant roles in luminescence. In solvothermal methods, Choi
and Gillan mixed stoichiometric proportions of GaCl 3 and InBr 3 with balanced amounts
of azide in a closed reactor. Despite indirect evidence that intermediate products were
substantially different from a physical mixture of different metal azides, they reported
final results of unalloyed, mixed GaN-InN products." Bhat et al. reported solid solutions
of up to x = 0.1 and claimed optical trends based on three data points." Other
combinatorial approaches also have difficulty clearly differentiating between alloyed vs.
non-alloyed materials.19 On the subject of InGaN nanoparticles, the literature remains
ambiguous partially due to challenges in nanomaterial characterization.
The only report of full compositional tunability arises in the chemical vapor
deposition (CVD) nanowire growth regime, as mentioned previously.4 In this CVD
method, the indium and gallium precursors were heated on opposite sides of the quartz
tube, creating a gradient of compositions that react with ammonia flowing through the
center. Through this setup, they were able to grow dense nanowire "forests" where the
ratio of In:Ga varied monotonically from 0:1 to 1:0 across the sample substrate.
However, a more critical reading of the paper reveals "composition modulation" for
samples with 70-90% indium. This indicates that the nanowires are not completely
homogeneous, and effects of the miscibility gap remain noticeable. Although CVD is not
ideal for free-standing nanoparticle synthesis, its success at compositional tunability
suggests that the miscibility gap can be conquered below the critical temperature,
achieving compositions both inside and outside of the spinodal. The authors contribute
the success to low growth temperatures and strain-relaxed conditions associated with
nanowire growth.
3.3 Experimental methods for a new InGaN nanoparticle synthesis
Strain from the large lattice mismatch between GaN (a = 3.189 A, c = 5.185 A)'6
and InN (a = 3.54 A, c = 5.705 A)16 is one driving force for phase separation. However,
colloidal nanoparticles naturally have a greater surface to volume ratio and have been
shown to exhibit phase diagrams significantly different from their bulk counterparts.20-22
Miscibility gaps have been suppressed in bimetallic systems such as gold/platinum22 and
silver/platinum2' as well as semiconductor systems such as GaAs/GaSb 20 as long as the
nanoparticles remain isolated from each other. Thus far, miscibility gap suppression has
not been examined in the nanocrystalline InN/GaN system.
As reflected in literature, synthesizing InN has been more difficult than
synthesizing GaN due to low decomposition temperatures and the tendency for reduction
to indium metal. Because GaN is a more robust material and has been shown to form
under a variety of reaction conditions, the strategy for developing an InxGa,..N
nanoparticle synthesis consists of starting with a strong InN nanoparticle synthesis and
increasing the gallium content with another starting reagent in a combinatorial process.
This is an opposite approach from previous attempts based on GaN syntheses.'2 The
requirements for the gallium reagent include similar solubility with InBr3 in hexadecane,
ability to form gallium amide, and susceptibility to pyrolysis in the amide state. Since
ideal reaction conditions for GaN are typically much hotter than for InN, one clue for a
suitable gallium source may be formation of amorphous GaN under InN reaction
conditions. Incidentally, bulk GaN has similar wet etch resistances as InN so the nitric
acid and hydrofluoric acid post-reaction treatment for InN should remain applicable.
The logical gallium source that is most analogous with the indium source of the
InN colloidal nanoparticle synthesis is GaBr 3. Use of GaBr3 avoids introducing a second
salt byproduct in the synthesis. It has good solubility in hexadecane at room temperature
and under identical reaction conditions, ammonia atmosphere and heating to 250*C,
produces a white-yellow solid. After washing with hexane and methanol, x-ray
diffraction (XRD) measures a pattern nearly identical to GaN nanoparticles produced by
the adapted version of Micic's method26 discussed in Chapter 2. Therefore, GaBr 3 was
chosen as the gallium source for InxGa ,N.
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Figure 3.1: XRD patterns for GaN synthesized through Micic's method (black) and GaN synthesized at
InN synthesis conditions (GaBr3, NaNH2, hexadecane, 250*C). Reference peaks for cubic GaN is in blue
along the bottom of the plot.
Starting with 1 mmol of GaBr3 produced enough product to analyze by XRD but
qualitatively, was significantly less than InN produced from 1 mmol of InBr3. This
suggests that while GaN appeared to be a product, formation was not as efficient as that
of InN. The synthesis of InN nanoparticles consistently produced indium metal and
occasionally, indium oxide, but GaN does not seem to succumb to analogous byproducts,
which typically had narrow peak widths. A disadvantage, however, is that the XRD peaks
are very broad with few defining peaks, meaning that nanocrystalline gallium oxide can
easily be hidden. While the current result matches well with zinc-blende GaN, XRD
alone will not be a reliable measure for gallium rich InxGa 1 N nanoparticles.
. . . ...... . ........... .. .
3.4 InGaN nanoparticle synthesis
InGa1 sN nanoparticle synthesis takes a combinatorial approach. x mmol of InBr3
and (1 - x) mmol GaBr3 were combined with 3 mmol of NaNH 2 in 10 mL of hexadecane
in a three-neck, 50 mL borosilicate round bottom flask under a nitrogen atmosphere. The
flask was sealed with three rubber septums and transferred into air. Using ammonia gas
through a syringe needle to keep the internal atmosphere higher than ambient pressure,
the central septum was removed and the flask was attached to a condenser with a bubbler.
A gentle flow of ammonia continued to flow through the flask and out the bubbler,
maintaining an air-free environment at ambient pressure. The solution was stirred briskly
with a glass stir bar and heated to 180*C in 10 minutes, then slowly ramped to 250*C
over 3 hours. The solution was held at 250*C for 10 hours and cooled to room
temperature over 5 hours. Ammonia gas flow was not removed until the solution returned
to room temperature and the synthesis was complete. Post-synthesis processing followed.
Hexadecane was separated from the resulting solid by centrifugation, and the pellet was
rinsed with hexane. The solid was then washed repeatedly with recirculating hot
methanol in a Soxhlet setup to remove NaBr salt. The dried powder was subsequently
sonicated with 3.4% nitric acid for 2 minutes, washed with ethanol, then dispersed in 5%
hydrofluoric acid overnight and rinsed with ethanol until the pH was neutralized. Unlike
the method described in Chapter 2, the final product could not be suspended for more
than an hour in toluene with the addition of oleylamine or octylamine.
The color of the resulting solids ranged from black to brown to white-yellow,
depending on the ratio of InBr 3:GaBr 3 used. (Figure 3.2) A greater proportion of InBr 3
led to a darker powder. Kuykendall et al's InGaN nanowires exhibited similar colors
across their substrate.4 However, the color gradient is not linear. As shown in Figure 3.2,
the color of the powders that began with more than 50% InBr3 appear very similar; there
is no significant color change until below 50%.
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Figure 3.2: Photograph of InGas,N powders after methanol wash where x represents the input synthesis
reagents composition. Colors range from white-yellow to black.
While not quantitatively determined, the final yield of the nitride product
decreases with increasing proportions of nominal GaBr3. This does not become evident
until after the methanol wash, where the dominant byproduct, NaBr, is removed.
Subsequent acid steps tend to require numerous wash steps, which cause a small loss of
product with every iteration. As a result, syntheses with less than 80-90% input indium
required dilution to make up enough volume for later absorption measurements.
3.5 Characterization and results of InGaN nanoparticles
Characterization of InxGa.,N nanopowders consisted of chemical analysis to
determine the ratio of indium and gallium present, structural analysis to gauge the extent
of alloying or phase separation, and optical analysis to characterize absorption and
emission properties. Chemical analysis was conducted by energy dispersive x-ray
spectroscopy (EDS) on a JEOL 2010 or JEOL 2010F microscope. Structural studies were
conducted by high-resolution transmission electron microscopy (HRTEM/TEM) on a
JEOL 2010, JEOL 2011, or JEOL 2010F TEM, all operated at 200 kV. Powder x-ray
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diffraction (XRD) was conducted on a PANalytical X'Pert Pro Diffractometer with Cu-
Ka radiation operating at 40 mA and 45 kV. Optical data included UV-Vis-NIR
absorption measured by diffuse reflectance of powder on a praying mantis configuration
on a Cary 5E spectrophotometer and room temperature photoluminescence (PL)
measurements in the visible and infrared conducted on a Fluorolog fitted with both a
xenon lamp light source and argon laser (488 nm).
3.5.1 Energy dispersive x-ray spectroscopy (EDS)
EDS samples were prepared from sonicated ethanol dispersions of the powders
and dropcast onto carbon film, copper TEM grids. Areas of approximately half a micron
in diameter were probed for 100 s each, and ten random aggregations were examined
from each sample. Sodium and bromine were not detected but trace amounts of fluorine,
residuals of the hydrofluoric acid treatment, could be seen. There was typically a fair
amount of adsorbed carbon and oxygen both on and off the sample. Similar to the
situation with InN, nitrogen could not be identified by EDS due to its propensity to
undergo Auger transitions rather than release x-rays. Localized point analyses of a single
aggregation in two different samples agreed with corresponding averages measured over
multiple aggregations. However, point analyses gave a standard deviation 40-60%
smaller.
Plotting the input proportion of indium to the EDS determined proportion of
indium shows a strong deviation from the ideal "input = output" line for both before and
after acid wash data. (Figure 3.3) The data collected before the acid washes were from
samples exposed only to the methanol wash, removing NaBr and any unreacted reactants.
That many of the points lie above the ideal line indicates a lower conversion efficiency of
the gallium amide to an insoluble product. The larger standard deviations for 0.2 < x <
0.9 reflect compositional heterogeneity within these samples. After the two acid
treatments, the actual indium proportion increases significantly for most samples,
indicating large proportions of the gallium present at the beginning of the synthesis get
removed during the wash and etch processes. Consequently, it is apparent that the current
low-temperature synthesis conditions yield higher efficiency for In-N versus Ga-N bond
formation, and the reacted gallium became either gallium metal or gallium oxide, both of
which would be removed by nitric and hydrofluoric acid. Based on the broad peaks seen
in the XRD for GaN synthesized under these conditions, gallium oxide is the more
probable product. Below x = 0.25, insufficient sample was retained to conduct EDS
analysis after the acid treatments.
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Figure 3.3: Input (nominal) In proportion versus output (actual) In proportion as determined by EDS. The
dotted red line represents the ideal "input = output" line. For samples with input x < 0.25, insufficient
sample remained after the two acid treatments, rendering it impossible to collect EDS measurements.
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A second observation from the EDS data after the acid washes (black points) is
the growing deviation from the ideal line as the nominal indium amount decreases below
90%. The data appear to have two trends - a sloped section that follows the ideal line
closely for 0.9 < x < 1 and a somewhat flat line x < 0.9. (Figure 3.4) Analyzing this
through the lens of solid solution encountering the miscibility gap or spinodal, the data
are reasonable. The sloped section represents the region of solid solution formation or the
metastable region in the phase diagram. During the synthesis, GaN is soluble within the
InN, and without a driving force for phase separation, most of the available gallium is
incorporated. When GaN reaches its solubility limit within InN, phase separation occurs,
or in other words, additional GaN cannot be mixed with the InN. At this point, regardless
of the amount of available gallium, the alloy will remain at the miscibility gap edge
proportion. In this synthesis, which is not optimized for GaN, the excess gallium either
remains unreacted or forms nanocrystalline gallium metal and gallium oxide, all of which
are removed in post-synthesis processing. This leaves a flat-line trend under EDS that
suggests a maximum gallium incorporation limit of 15% under these liquid-phase
synthesis conditions.
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Figure 34: Close up of nominal and actual indium proportions. Blue squares indicate averages of all
samples of that input proportion. The squares begin deviating from the ideal (red dotted line) below input x
= 90% and flattens out toward an output x ~ 85%.
On the other hand, the data does not explicitly exclude a physical mixture of InN
and GaN. Looking at the standard deviations as a percentage of the average (Figure 3.5)
from high indium input to low indium input, other than an outlier at 80%, there are three
distinct slopes. In the region x < 50%, standard deviations are largest and increase as x
gets smaller. The standard deviations of the EDS measurements are reflections of the
heterogeneity of the samples. This increasing trend as indium decreases can suggest a
physical mixture of GaN and InN over solid solution alloying. While this analysis might
also be applied in the region 90% < x < 100% where standard deviations are the smallest,
it should be considered with the region between 50-75%, where standard deviations
remain relatively constant. Perfect alloying would result in minimal heterogeneity and
. . ............ 
3.5% may be the baseline distribution for this synthesis. The region above 90% is even
more homogeneous. The split in the samples at 50% may indicate the true location of the
miscibility gap. Interestingly, this split is reflected in the color of the nanoparticle
powders. All in all, the EDS data lend support for clean alloying up to 15% gallium with
nominal gallium proportions no greater than 0.5. Regardless, structural data must be
considered to confirm this conclusion.
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Figure 3.5: Black squares correspond to average output values along with error bars. Blue diamonds (right
axis) indicate the magnitude of the error bars as a percentage of the average.
3.5.2 Structural characterization
3.5.2.1 Powder x-ray diffraction (XRD)
Powder XRD samples were prepared by dropcasting a thin layer of an ethanol
suspension of the nanoparticles onto a silicon zero-background holder. Because the
samples were not "infinitely thick," measurements were recorded with a programmable
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divergence slit that maintained the sample collection width at 6 mm. Data were taken in
air at ambient temperatures. The more stable crystal phase of both InN and GaN is
wurtzite, which is hexagonal. However, as seen in Figure 3.1, GaN prefers the cubic zinc-
blende phase when nanocrystalline. Based on the EDS analysis in the previous section,
high gallium content InGaN was never synthesized, so the dominant crystal structure of
all samples was wurtzite.
The diffraction patterns cluster closely around the peaks for wurtzite InN. While
some samples show a few contamination peaks corresponding to fluoride salts, neither
indium metal nor indium oxide peaks are present, indicating a clean removal of those
byproducts. Gallium metal and gallium oxide peaks are also undetected. Alloyed InxGaj_
,N should have peaks shifted toward larger 2-theta angles with increasing gallium
proportions while unshifted peaks would support InN-GaN phase separation. As seen in
Figure 3.1, GaN reveals a significantly broadened pattern with few distinct peaks under
XRD and is considerably less sensitive to x-rays. Because of this, extracting the presence
of GaN nanoparticles will be difficult when even a small amount of InN or indium-rich
InGaN is present. Therefore, XRD analysis can only positively reveal alloying but cannot
affirmatively indicate phase separation. Peak intensities are roughly correlated with the
amount of sample measured, but peak widths cannot be reliable estimates of crystallite
size. The widths will be affected by both nanocrystallite size and sample heterogeneity,
which through EDS, is known to be significant.
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Figure 3.6: Powder XRD spectrum of
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Figure 3.7: Close up of XRD spectrum showing the (102), (110), and (103) lattice peaks. Star indicates
unidentified contaminant.
Four peaks - (101), (102), (110), (103) - were used for lattice calculations. These
four peaks were chosen based on intensity, which aids more accurate peak profile fitting,
and position. (102), (110), and (103) peaks are well separated from neighboring peaks
and even with peak broadening due to reduced crystallite sizes or heterogeneity, do not
strongly overlap with adjacent peaks. The peaks were fitted with symmetric pseudo-
Voight peaks, which revealed slight asymmetric broadening towards larger 2-theta is
samples with nominal indium proportions below 80%. This verifies the samples as
heterogeneous because the broadened peaks reflect the presence of more gallium-rich
InGaN mixed in with the dominant composition. Vegard's law claims a linear
relationship between lattice parameter of an alloy and the proportion of the constituents.
All the data show larger than expected lattice spacings, but this effect cannot be assigned
to machine error. In order to rule out systematic machine offset, indium metal peaks from
data taken before the acid washes were compared to reference JCPDS cards. These
showed no peak discrepancy, confirming the InxGa.,N peaks were indeed slightly shifted
to lower 2-theta. This small difference may be attributed to the different material
synthesis methods between the nanoparticles and the database reference material., but
interestingly, the phenomenon has been reported for GaAsSb nanoparticles, another
semiconductor system with a bulk miscibility gap.20 The authors described the larger-
than-expected lattice spacings as evidence of negative surface stress but did not offer an
explanation for its appearance.
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Figure 3.8: Observed data is compared with Rietveld simulation. Thin lines represent simulations. Both
InN and 92% In show good matching between data and simulation for peak sides, though not necessarily
intensity. For 65% In, the data broadens asymmetrically towards larger 2-theta.
The (102) d-spacings follow a slope similar to Vegard's prediction except for two
points corresponding to only 50% and 35% indium input. The three other peaks shadow
the theoretical line for x > 0.92, which corresponds to a nominal proportion of 90%, and
deviate substantially below that point. 90% is also the change in slope of average EDS
standard deviations. (Figure 3.5) Since powder XRD is a macroscopic measurement that
averages over the entire sample available, it appears that heterogeneity above 3% will
mask any definitive lattice shift through peak broadening. XRD is only able to verify
solid solution alloying for down to x = 0.92.
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In order to calculate the a- and c- lattice parameters for the resulting InxGal-sN
nanopowders, the peak positions were entered into the following equation for
wurtzite/hexagonal crystal structures:
sin2()= 0.5 94 (4(h 2+hk + 12
3 a2  c2
The least squares solution of a and c were determined from the set of four equations.
Plotting this data against EDS determined indium proportions reiterates solid solution
alloying for x > 0.92.
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Figure 3.10: Calculated a- and c- lattice spacings plotted against EDS determined indium proportions.
Dashed lines indicate theoretical lattice spacing according to Vegard's law.
While Rietveld refinementis commonly accepted as a more reliable method of
analyzing XRD spectra by utilizing information from the entire dataset, it was unable to
yield more accurate lattice parameter conclusions than simple profile fitting. This was
due to two major reasons. First, there was no good way to model asymmetric peak
broadening because there was a continuous range of possible compositions. Chemical
data did not indicate the presence of limited compositions. Second, peak intensity ratios
. .................
deviated from what was expected. Similar to the observations discussed in Chapter 2 with
regards to InN, the (100) and (002) peak intensities were larger than simulated with (102)
much smaller than simulated. The difference could not be reconciled with preferred
orientation effects or systematic errors. However, better results between simulated and
observed data could be achieved by assuming a portion of the sample had a zinc-blende
phase or a significant portion of the In/Ga sites did not contain indium or gallium. Neither
hypothesis can be definitively confirmed with the available data.
3.5.2.2 High resolution transmission electron microscopy (HRTEM)
Samples prepared for EDS were also used for TEM imaging. Low magnification
images showed large, irregular aggregations for all samples. High resolution images
showed lattice fringes, indicating crystalline domains, but were not suitable for making
crystallite size calculations. Furthermore, the heterogeneity of the samples and the small
expected lattice differences convolute the assignment of crystal directions, and neither
solid solutions nor phase separated species can be confidently assigned.
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Figure 3.11: (left) Image of aggregated nanoparticles with nominal In% of 90% and actual proportion of x
= 0.92. (right) Sample with nominal In% of 50% and actual x = 0.86.
3.5.3 Optical characterization
3.5.3.1 Absorption
Optical absorption data were collected at ambient conditions over the range of
350 to 3300 nm. The data were measured by powder reflectance using KBr as a
calibration blank. Dried nanoparticle powders were diluted with additional KBr before
measurements were taken in a praying mantis configuration. Obvious machine artifacts in
the data from diffraction grating changeovers were removed prior to analysis.
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Figure 3.12: Raw absorbance data. Machine artifacts can be seen at 900 nm and above 2200 nm. All
samples show both bandgap and free carrier absorption.
Plotting the squared absorbance against energy reveals several features of the
nanoparticle materials. Low-energy absorption corresponds to free carrier absorption,
suggesting the material has significant free carriers and is not intrinsic. While it cannot be
determined whether they are positively or negatively charged free carriers, since reported
thin-film InN is typically n-type,27 it can be hypothesized that the free carriers in indium-
rich InxGal..sN nanoparticles are also negatively charged. From only the absorption data,
however, the free carrier concentration itself cannot be determined. If plotting the
absorbance squared on a logarithmic scale, for many of the samples, the low-energy
absorption is linear, suggesting the presence of Urbach bandtail states. These are shallow
defect states near the bandedge. Significant free carrier concentrations in doped
semiconductors can contribute to the Burstein-Moss effect, which will increase the
absorption bandedge above bandgap. The onset of Urbach absorption is a direct
measurement of the maximum extent of the Burstein-Moss effect,28 and for the InxGai.,N
nanoparticles, the effect is inconsistent across the samples. Some samples show Urbach
regions at the detection limit of the machine, 0.5 eV, while others have no Urbach region
at all. However, more accurate Urbach bandtail conclusions require absorption data
measured at several temperatures.
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Figure 3.13: Squared absorbance plotted on linear and logarithmic scales. Low energy absorption
corresponds to free carrier absorption. Bandedge was determined from the extrapolated linear intersection.
Plot labels reflect nominal proportions. Left plot has Urbach bandtailing effect while the right plot does not.
Bandgap can be extracted from the linear extrapolation of the square absorbance
to the x-axis. When plotting the bandgaps against actual indium proportion as determined
by EDS, the bandgaps roughly follow a downward slope with increasing indium.
However, three data points with indium content below 90% fall away from the larger
trend that occurs for x > 0.9. Those three data points fall outside the solid solution range
verified by XRD. (Figure 3.10) In fact, phase separated indium-rich InxGail.N and
gallium-rich InxGai.xN would start absorbing at the lower bandgap of the two, though that
explanation alone does not describe why the three points themselves seem to follow a
downward slant.
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Figure 3.14: Bandgap of InGaj.,N nanoparticles plotted against indium proportion. The region between
the red dotted lines represents the range expected by Vegard's law with the bowing parameter set to 0.
None of the data points lie within the range based on bandgaps of both crystal
phases of GaN and InN. In fact, it is somewhat surprising that the observed bandgaps all
lie above the range dictated by Vegard's law because epitaxially grown group III-nitrides
have been shown to possess bandgap bowing that decreases the bandgap below
expectations. 29 That all of the observed bandgaps are larger than expected for the amount
of indium present may be partially explained by bandgap inflation through the Burstein-
Moss effect. Several samples showed Urbach regions suggesting the Burstein-Moss
effect was no larger than 0.5 eV, though this information limit arises from constraints of
the measurement machine. This magnitude would be able to reveal the true bandgap of
these InxGa1.,N nanoparticles closer to the expected region. As nanoparticles, they may
also be subjected to quantum confinement, which is able to increase the bandgap of a
material from its bulk value. Unfortunately, the sizes of the nanoparticles cannot be
accurately determined due to aggregation effects, but quantum confinement effects can
often be seen under 4-5 nim diameters.
One last telling feature of the absorption data lies in the bandgaps for two separate
InN samples in Figure 3.14. The top sample, despite having nearly identical lattice
spacings with the second InN sample, has a significantly larger bandgap, a difference of
0.15 eV. It should be mentioned however, that the top sample, which was discussed in the
previous chapter, was not subjected to hydrofluoric acid treatment because there was
minimal indication of oxide in the sample. Furthermore, if the only difference between
the two samples was the presence of indium oxide, the absorption properties should not
be affected as indium oxide has a much larger bandgap. Therefore, it is more likely that
hydrofluoric acid treatment can alter the perceived bandedge absorption. If the Burstein-
Moss effect could be accurately measured and accounted for, these two points may in
actuality be much closer to each other, implying that post-synthesis processing can have a
dramatic impact on carrier concentrations.
3.5.3.2 Photoluminescence (PL)
Photoluminescence measurements were conducted on powdered samples dropcast
and dried on quartz slides. All measurements were conducted at ambient conditions.
After correcting for stray emission from filters and light sources, no emission was
detected for any sample in the range of 350 to 1600 nm with excitation between 300 and
600 nm. Thus, PL was not able to confirm the bandgap values determined by absorption.
Despite the high levels of crystallinity seen under HRTEM, this was not enough to allow
measurable emission. It can be speculated that other possible defects such as interstitial
hydrogen or the lack of surface passivation were able to quench any luminescence.
Photoluminescence may also be discouraged by the apparent high levels of carriers,
which would induce Auger transitions that are non-radiative.
3.6 Conclusions
InN and GaN are known to be nearly insoluble and possess a large miscibility gap
for typical epitaxial growth conditions. In spite of that, alloying has been reported under
low-temperature CVD conditions, 4 but there has been no report of complete composition
liquid-phase attempts. Based on the low-temperature, liquid-phase synthesis of InN
nanoparticles, an InxGalN nanoparticle synthesis was developed. Results showed that
gallium was successfully integrated into a solid solution resulting in indium-rich InxGai.
,N nanoparticles with x > 0.9.
Chemical, structural, and optical characterization of the nanoparticles supported
alloying for x > 0.9. Below this value, solid solution formation could not be claimed due
to uncertainties arising from a variety of sources including decreased total yield and
increased heterogeneity. This does not reject solid solution formation for x < 0.9 but
strongly supports a miscibility transition edge at x = 0.9 for the current synthesis
conditions. Interestingly, x = 0.9 appears to lie directly on the edge of the spinodal region
for temperatures around 250*C, according to the InGaN bulk phase diagram calculated by
Ho et al.3 Whether x = 0.9 is actually the edge of the miscibility gap or just the end of the
metastable region requires further examination. Understanding the change in the phase
diagram based on nanoparticle size for this material lies beyond the scope of this thesis.
Nevertheless, for all practical purposes with regards to alloy fabrication, x = 0.9 can be
regarded as the miscibility gap edge. For comparison, a solvothermal synthesis conducted
at 300*C was only able to reach x = 0.1, perhaps also encountering the miscibility gap
from the other end.12
Further work should go in the direction of reducing variability in the synthesis
method and encouraging Ga-N bond formation. Results have shown that alloying is
possible within the nanoparticle regime, but it is not known whether the extent of
alloying can be manipulated by changing synthesis parameters such as temperature or gas
flow or even gallium precursors. Lastly, because optical characteristics were strong
motivators for the development of compositionally tunable InxGa 1,N nanoparticles, effort
must also be put into resolving the lack of luminescence, a very challenging obstacle.
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Chapter 4: Biotemplated Nanoparticle Assembly
4.1 Introduction
While high-quality synthesis of InN, InGaN, and GaN nanomaterials is one step
toward devices, ultimately, these nanomaterials will need to be assembled in order to
physically fabricate a working device. Photovoltaics has already been identified as a
promising target application of these III-nitride materials, and once focused on this idea,
it is easy to brainstorm a list of ideal attributes when it comes to assembly. For
photovoltaics, the device must cover a large area. The active components must also be
three-dimensional or in other words, thick enough to allow for sufficient absorption of
sunlight. Ordered assembly of nanoparticles may offer increased optical or electrical
performance. Lastly, with an eye towards commercial manufacturing, the assembly
process should be relatively cheap, simple, fast, and environmentally friendly.
The "simplest" type of nanoparticle assembly is spontaneous, close-packed self-
assembly of monodisperse nanoparticles.1-3 In reality, however, self-assembly occurs
only under very strict conditions requiring not only highly monodisperse (< 5%) particles
but also a good understanding of surfactant chemistry. Langmuir-Blodgett methods can
create two-dimensional ordered arrays, but Murray et al have further demonstrated the
self-assembly of superlattices, three-dimensional arrays of nanoparticles.1 These
supercrystals are assembled from the slow evaporation of a coordinating solvent or the
controlled precipitation due to a nonsolvent. Shevchenko et al have demonstrated binary
nanoparticle superlattices by carefully controlling the surface charge of the
nanoparticles.2 However, these close-packed arrangements only extend to 1 Opm across a
surface, and it is unclear as to how many layers can be packed on each other. Coe-
Sullivan et al have demonstrated that spin-casting can order monodisperse particles over
several square centimeters, but his method is confined to organic solvents and results in a
single monolayer of particles. While relying purely on surfactants, organic solvents, and
entropic effects can provide excellent particle ordering, its restriction to small areas will
make it difficult to extend to large-scale devices.
To build large-area assemblies, one solution is layer-by-layer (LbL) deposition.
LbL relies on two oppositely charged materials adsorbing onto each other through
electrostatic interactions. A substrate is dipped sequentially through two alternately
charged solutions, and this simple technique can control layer thicknesses on the
nanoscale. It can also be considered a "universal" technique since there are virtually an
unlimited number of molecules that can be used for deposition. Typical polyelectrolytes,
such as polyacrylic acid (PAA) or polyethyleneimide (PEI), are aqueous and low in
toxicity. Nanoparticles combined with polyelectrolytes can be used to build large-area,
three-dimensional layers by LbL. To form multilayer films of nanoparticles, the charged
nanoparticles can be deposited alternately with an oppositely charged polymer4 or
individually coated with polyelectrolytes to form nanoparticle-polymer composites.5
With this method, there is no limit on the number of bilayers that can be deposited and
thus, any arbitrary film thickness can be reached. Furthermore, large-area patterns can
also be defined on substrates before deposition through methods such as
photolithography or polydimethylsiloxane (PDMS) stamping. As long as one focuses on
reducing non-specific binding interactions by choosing an optimal set of oppositely
charged molecules, high levels of pattern selectivity can be achieved for several tens of
nanometers in thickness, making LbL a strong candidate for large-area nanoparticle
assembly.
Other methods of nanoparticle assembly look toward the specificity and
efficiency of biology. Biological systems instinctively demonstrate self-assembly at the
molecular level, making them enticing templates for building complex nanostructures. In
particular, several groups take advantage of the base-pairing ability of DNA to
systematically control the way nanoparticles gather.6 Single-strand DNA attached to the
surface of nanoparticles can bind with a substrate or another nanoparticle possessing the
complementary sequence. Protocol to design DNA one nucleotide at a time is widely
understood and offers flexibility to directly control the physical placement of
nanoparticles. Another approach for biologically templated nanoparticles utilizes
genetically modified M13 bacteriophage. Peptides with affinities for certain materials can
be expressed on the ends and capsid coat of this virus, whose filamentous shape makes it
a natural template for nanowires. Gold nanowires and other gold nanoparticle geometries
have been successfully demonstrated.7
Since M13 bacteriophage itself can be viewed as just another large molecule, it
suggests one could leverage the microscopic ordering of nanoparticles along its length
with the large area deposition of numerous viruses. It therefore follows that combining
LbL with genetically modified viruses8 can bring together the advantages of large-
scale/large-area deposition with specific molecular recognition, creating a nanoparticle
assembly technique that may offer all the ideal attributes for device fabrication.
4.2 M13 Bacteriophage
The M13 bacteriophage is a filamentous virus of approximately 880 nm long and
6 nm wide. Five proteins that can be independently genetically modified enclose a single-
stranded 7200-bp genome. Approximately 2700 copies of pVIII make up the cylindrical
capsid coat and five copies of pII, pVI, pIX, and pVII each on the ends. (Figure 4.1)
Modification of these proteins allow for rational and flexible design of viral templates
optimized for specific materials. Analysis of the pVIII capsid coat shows the expressed
peptides are around 3 nm apart, making it suitable for assembling nanoparticles of the
same scale.9 Furthermore, the anisotropic shape has enabled nanostructured, three
dimensional liquid crystal films.' 0
2,700 copies of pVlll
Proximal tip Remote tip
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Figure 4.1: Schematic of an M13 bacteriophage identifying the locations of proteins that can be genetically
modified.
In order to find peptide binding motifs for a specific material, phage display
technique was used. Phage libraries, where a combinatorial library of random peptides is
fused to the protein of interest, were incubated with the material of interest and weakly
bound phage were washed away. The phage that remain were eluted and amplified with
Escherichia coli bacteria and re-incubated with the material under more stringent binding
conditions. This process was repeated until a few dominant clones emerged, and the
binding peptide sequences could be determined. This process has been repeated on both
pII and pVIII proteins and combined to engineer a heterofunctional viral template for
gold nanowires. 7 For GaN and InN materials, commercially available powders were used
for phage display.
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Figure 4.2: Sequences from the constrained 7-mer phage library after the third round of biopanning.
While in many cases it is preferable to design a phage that binds with high
selectivity,"' it is also possible to engineer a virus with more general application. One
such virus is the E4 or E3 clone. The N terminus of the major coat protein, pVIII, was
fused to a tetraglutamate or triglutamate peptide, respectively. Glutamic acid contains a
carboxylic acid side group, which allows a broad range of positively charged ions to
interact with it. For example, E4 has successfully created nanowires from both gold and
cobalt oxide through direct nucleation on the virus.8 For nanomaterials that are difficult to
directly nucleate in aqueous solutions, E4 or E3 can still be utilized as a template after
...........  .  ......... 
complete nanoparticle formation. In this case, surface chemistry of the nanoparticles
becomes the limiting factor, and since nanoparticles have a large set of surfactant tools
from which to work, E4 or E3 can be a generally applicable assembly template.
4.3 Methods
4.3.1 Preparation of E3 from existing E3 clone
12The original E4 virus was engineered from a phagemid system. However, over
many generations of amplification, it lost a glutamic acid through mutation, and E3 was
the result of this mutation. To prepare an E3 phage solution for biotemplated nanoparticle
assembly, an aliquot of existing E3 was incubated at 37*C in a 1:100 dilution of ER2738
E. coli bacteria (New England BioLabs) overnight culture in Luria-Bertani (LB) medium
with tetracycline (20 mg/L) for 5.5 hours. Subsequently, the bacteria were removed by
centrifugation and the phage in the supernatant were precipitated overnight with 1/6t the
volume of 20% (w/v) polyethylene glycol-8000, 2.5 M NaCl (PEG/NaCl). The next day,
phage were pelleted by centrifugation and resuspended in tris-HCl buffered solution
(TBS). Another centrifugation was done to pellet any remaining bacteria, and the
supernatant was again mixed with PEG/NaCl to precipitate the phage. This second phage
pellet was resuspended in a smaller volume of Millipore water and titered or measured
under the NanoDrop to determine final phage concentration. Titer plates were
periodically used for sequencing the phage to ensure no further mutations occured.
For use with LbL substrates, the phage was diluted to concentrations between 107
and 108 pfu/pL with Millipore water. The diluted phage solutions were stored at 4*C, but
must be adjusted with 0.01 M solutions of NaOH or HCl to pH = 5.0 immediately before
use.
4.3.2 Preparation of CdSe and GaN nanoparticles
Because E3 has an overall negative surface charge, target nanoparticles must be
positively charged in order to induce a strong electrostatic interaction. Furthermore,
nanoparticles are typically stored in organics, which requires a solvent exchange to water
in order to be compatible with the phage. For the biotemplated assembly studies to occur
concurrently during InN and InGaN nanoparticle synthesis studies, this work utilized
commercially available CdSe nanoparticles and synthesized GaN nanoparticles as a
model system.
To aminate CdSe nanoparticles through a protocol developed by John Joo, CdSe
nanoparticles (Evident Technologies) were precipitated from their native toluene with
acetone and resuspended in 5x the volume of chloroform. 122 mg of 2-aminoethanethiol-
HCl (AET) was dissolved in 1 mL of methanol, and 13 pL of this AET/methanol solution
was added to 250 pL of CdSe nanoparticles in chloroform. After 30 min of sonication,
250 pL of water was slowly layered on top. Without vortexing or sonication, the
aminated nanoparticles were allowed to diffuse into the water layer. Nanoparticles in the
aqueous layer were precipitated with ethyl acetate and methanol and resuspended in
water to the desired concentration. The final solution was stored in the dark at room
temperature and stable for approximately one week. Synthesized GaN nanoparticles
could be aminated by intercalation of octylamine by the methods described previously in
section 2.3.1.
4.3.3 Preparation of LbL substrate and solutions
LbL deposition is substrate independent, but the thickness of the deposited films
can be affected by the initial charge of the surface. Substrates such as glass, silicon, and
PDMS can be made negatively charged by exposing them to a brief air plasma treatment.
This helps the first polymer/polyelectrolyte solution, which is positively charged, to
adhere to the surface. For glass slides and silicon wafer samples, the substrates were
thoroughly cleaned with acetone and ethanol before plasma treatment. PDMS samples
were cast on silicon wafers to ensure a flat surface and plasma treated for two minutes
immediately before use.
Two oppositely charged polyelectrolyte solutions were used for LbL deposition.
The positively charged electrolyte, linear-polyethylenimine (LPEI, 25k Mw), was diluted
to 0.02 M in water with respect to the repeating unit. To rapidly solubilize the polymer,
HCl was added to the water to reduce the pH of the solution. Once the polymer was
completely dissolved, the pH was increased to desired deposition pH. Anionic
polyacrylic acid (PAA, 90k M) was the complementary electrolyte and also diluted to
0.02 M. The polyelectrolyte solutions can be used many times but should be passed
through a 0.2 pm filter prior to reuse to remove any dust and other particulates that may
have gathered during the previous deposition cycle.
4.3.4 Biotemplated nanoparticle films
LbL films were made with a Zeiss Microm DS50 slide stainer. Substrates were
automatically dipped through a series of 8 buckets - LPEI solution, water, water, water,
PAA, water, water, water - to make a single bilayer. Each soak in a polyelectrolyte
solution was 15 minutes, and subsequent washes were 2 min, 2 min, and 1 min,
respectively, with agitation. Because the phage is negatively charged, the final layer must
be LPEI, which means that all films consisted of an additional half bilayer and were
typically 15.5 to 50.5 bilayers in total. After layer deposition, the substrate was allowed
to air dry.
Because of surface tension of the water, an uneven film typically resulted around
the edge of the substrates. These edge sections were cleaved away and only the central
portion of the substrate was kept. The central portion was further divided into smaller 7
mm by 7 mm sections to ensure it would fit under the atomic force microscope for
analysis. 100 pL of phage solution (107 to 108 pfu/jiL) was dropped onto the substrate
and left undisturbed at room temperature for 30 min. Excess solution was then removed,
and the substrate was rinsed with water and gently blown dry. The substrate was then
placed in 1 mL of aminated nanoparticles for 5 min and rinsed by dipping the substrate in
three sets of clean water. Alternatively, for larger substrates, the nanoparticle solution can
be directly put on the substrate itself and carefully pipetted off at the end of the
incubation period.
Layer-by-Layer Deposition Phage Deposition
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Figure 4.3: Schematic of typical biotemplated nanoparticle film assemb y.
4.4 Characterization and results
Transmission electron microscopy (TEM) images of phage and nanoparticles
were taken on a JEOL 200CX microscope operated at 200 kV. Small volumes of phage
.. ........  
............
were interacted with nanoparticles before dropcasting the solution on a carbon coated
TEM grid. Excess liquid was wicked off, and the grid was air dried. Low contrast
between phage and carbon film can make single phage difficult to image, though phage
"ropes" can be seen quite easily.
100 nm'
-100 nm
Figure 4.4: (left) TEM image of clumps of M13 bacteriophage. (right top) Aminated CdSe nanoparticles
bound to E3. Image by John Joo, UCSB. (right bottom) Aminated GaN nanoparticles bound to E3.
The CdSe nanoparticles used were 4.4 nm in diameter and can be clearly seen by
TEM. The right top image of Figure 4.4 showcases the strong affinity of the nanoparticles
for the phage; the shape and curvature of the virus are clearly defined by the particles. In
this image, the coverage is tight with approximately 550 nanoparticles bound to the virus.
However, this number is just a two-dimensional projection of the particles bound to the
phage. For example, in the right bottom image, one can see a continuous white line along
the length of the virus as if the GaN nanoparticles only outline the phage. This is an
artifact of the sample preparation where weakly bound particles on the top surface of the
phage can be washed away while those on the edge benefit from water surface tension
between the virus and the grid to keep them in place. Therefore, the density of
nanoparticle binding can only be roughly generalized by TEM.
Interacting the deposited viruses with positively charged nanoparticles led to
strongly reproducible results. Furthermore, as can be seen in Figure 4.5, the nanoparticles
confine themselves to only the viruses, and there are almost no particles bound directly to
the LbL polymer surface, suggesting high specificity. This demonstrates that E3 can
serve as a suitable template for self-assembled nanoparticle films.
Figure 4.5: Positively c arg e nanopartic es on M bacterop age assem ed on LbL polymers. 5
um wide. (inset) Higher resolution AFM image depicting nearly complete coverage of nanoparticles on
phage as well as strong phage-specific binding.
According to Yoo et al, the surface charge of the virus is critical for close packing
on the surface of the LbL surface.8 They discussed a range of pH where the charge
density was high enough to prevent the phage from stacking on top of each other but not
overly repulsive such that they would not close pack on the polymer surface. This pH
range could be identified by zeta potential measurements. Because this work was done
with E3 instead of the E4 clone used by Yoo et al, it was expected that the isoelectric
point would shift to lower pH. Zeta potential measurements were done in water on a
ZetaPALS system. The concentration required for the measurements were typically lOx
.............
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larger than typical phage concentrations used for assembly. As a result, the viruses
exhibited a buffering effect that increased the pH of the phage solution in as little as 30
minutes, complicating the zeta potential measurement. The data obtained was similar to
E48 but with an overall shift of 0.5 to lower pH.
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Figure 4.6: Zeta potential measurement of high concentration E3 phage in water.
Atomic force microscopy (AFM) studies were conducted using a Digital
Instruments Nanoscope IV in tapping mode under ambient conditions. Both the phage
concentration and the pH of the polyelectrolyte solution were found to play a strong role
in phage assembly. Figure 4.7 depicts a matrix of AFM images where the pH of the
LPEI/PAA solution decreases from top to bottom and the concentration of the phage
becomes more dilute left to right. All samples had a total of 15.5 bilayers. Generally
speaking, more concentrated phage solutions led to tighter assemblies but also increased
the likelihood of forming clumps or aggregations at the head and tail ends of the virus.
Reducing the deposition pH of the polymers also increased packing density by shielding
the repulsive forces between the viruses. Increasing the number of deposited bilayers did
not affect the phage assembly, though quick studies showed assembly did not occur
below 7.5-10.5 deposited bilayers.
LPEI/PAA deposition p1 = 5.0
L PFh/PAA deposition pH = 4.8
LPE/PAA deposition pH = 4,6
1Ox dilution 30x dilution 50xdilution
phage t oncentr ation (doluti on fron 109 /l)
Figure 4.7: AFM phase images of self-assembled viruses on silicon substrates varying both polyelectrolyte
pH during LbL and phage concentration. All phage solutions were kept at pH = 5.0. All images are the
same scale.
Assembly results were easily reproduced on different batches of identically
prepared LbL-deposited substrates but only if the phage originated from the same
amplified pool. Separate large scale amplifications of phage, although genetically
identical, did not behave similarly. Most notably was the apparent flexibility of the virus.
As evident in Figure 4.8 (a) and (b), on identical substrates with equivalent phage
concentrations, the first batch of phage assembled sparsely while the second batch
assembled in a dense but overlapping way. A self-assembled monolayer could not be
obtained with the second batch of phage until the pH of the polymers increased to 5.6. At
this point, the viruses assembled very tightly but as stiff parallel rods, contrary to the
flowing whorls seen with the first batch. The viruses in the second amplified batch also
appear more brittle as there are substantially more short viruses that can be seen on the
surface, though it is not unusual for viruses to break in the presence of strong
hydrophobic/hydrophilic interactions.
Figure 4.8: AFM images of phage on 15.5 LbL deposited polymer bilayers on silicon. (a) Phage batch #1
on pH = 5.0 LbL bilayers. (b) Phage batch #2 on pH = 5.0 LbL bilayers. (c) Phage batch #2 on pH = 5.6
LbL bilayers. (d) Magnification of (c).
4.5 Conclusions
It has been demonstrated that the strong specificity of biology can be combined
with large-surface area deposition techniques to create homogeneous two-dimensional
assemblies of nanoparticles. LbL techniques are not limited by substrates and can be
easily modified to adapt to a variety of surfaces. There is also no restriction on the
morphology of the substrate, suggesting three-dimensional structures can also be coated,
as long as edge effects are taken into consideration. Furthermore, using commercially
available CdSe as a model nanoparticle system was able to demonstrate the high
specificity and ease with which aminated nanoparticles would bind to E3 phage. Similar
results were seen with GaN nanoparticles emphasizing this technique as a universal
nanoparticle templating system.
While the LbL polymer deposition and the nanoparticle deposition methods are
highly robust and reproducible, some uncertainty lies on the side of phage self-assembly.
Producing the large quantities of bacteriophage needed requires numerous processing
steps and reagents, so the difference in rod rigidity between two batches of phage may
arise from differences in ionic strength in the solution in which they were amplified,
purified, or stored.13 While the effect of solvent ionic strength on the rigid/flexible
transition has been studied in the fd virus,'4 which is similar in size and shape to M13, a
study has not been conducted on M13. Regardless, a specific protocol that addresses the
issues of surface charge and ionic strength needs to be developed in order to increase
reproducibility of phage self-assembly.
Despite the lack of fine control regarding the rigidity and entropic assembly
properties of M13, M13 bacteriophage mediated nanoparticle assembly combined with
LbL polymer deposition can be a large-area nanoparticle ordering technique appropriate
for photovoltaics. This work has demonstrated strong proof-of-concept for two-
dimensional nanoparticle films and lays a foundation for three-dimensional nanoparticle
assemblies.
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Chapter 5: Future Directions
5.1 Synthesis of colloidal InN and In.Gai.N nanoparticles
While the motivation for pursuing colloidal InN and InxGai.,N nanoparticles may
have come from challenges and opportunities in InN and InxGai.xN thin films, the success
of the nanoparticle syntheses in themselves actually opens up a wide range of
possibilities that exclude thin films. These new prospects build upon the progress in the
nano regime and offer new control of materials properties as well as new applications.
Following are a few new challenges and opportunities derived from the current work.
5.1.1 Core/shell nanoparticle structures
Core/shell nanoparticles can be described as nanoparticles made of two different
materials, one wrapped around the other. In examining CdSe/ZnS core/shell nanoparticles
as a model system, one can observe many advantages that originate from the core/shell
nanostructure.1 Because nanoparticles are so small, the surface-to-volume ratio is
particularly large, and surface states that can quench fluorescence are abundant. An
overgrowth with a second semiconductor typically passivates the surface better than
organic molecules and contributes to large increases in fluorescence quantum yield.2 The
shell can also increase chemical stability against photo-oxidation and other deleterious
environmental factors. Core/shell structures can also further tune optical properties,
emission wavelength and emission width through electronic band alignment between the
chosen core and shell materials.3
As shown in the previous chapters, the current InN and InxGaiN nanoparticles do
not demonstrate bandgap emission, most likely as a result of surface defect states.
"Coaxial" InN and InxGai1 xN nanowires show improved emission4 and absorption 5
properties, suggesting that the optical properties of InN and lnGaixN nanoparticles may
benefit from core/shell structures. To date, however, no InN and InxGal-,N core/shell
nanocrystals have been reported because of the absence of high quality core syntheses
and the lack of suitable shell materials. Synthesizing core/shell structures for InN and
InGai xN nanoparticles requires not just identification of a secondary material with small
lattice mismatch and appropriate band alignment but also compatible reactivity and
selectivity within the synthesis environment. This is by far no easy task but once
accomplished, will dramatically increase the robustness and importance of these III-
nitride nanomaterials.
5.1.2 Doping InN and In.Gai.N nanoparticles
Doping is a basic technique where by introducing impurities, one can manipulate
the electrical properties of semiconductors. Engineering the proper Fermi level is critical
for developing the p-n junction, a foundation block for many electrical devices.
Currently, grown InN is nearly always n-type with a high carrier concentration,6
substantially far removed from its intrinsic state. If the history of GaN growth is a model,
consistently n-type InN suggests current growth methods are not well understood with
respect to impurity controls or other defect formation, leaving plenty of room for
improvement.6 A clear picture of GaN's electrical and optical properties was not
elucidated until synthesis methods advanced, and InN and In.GaixN may follow the same
development curve. Thus far, n-type behavior in InN in thin films has been attributed to
nitrogen vacancies, anti-site effects, interstitial hydrogen, and oxygen or silicon
impurities, 6'7 though none have been demonstrated or proven with fine control. With
regards to more "traditional" doping, based on comparable ionic radii for substitution
impurities, Sc, TI, Cd, Ca, Zn, Mg, and Si have been proposed as appropriate dopants.8
Zn and Mg have been used as dopants for p-type GaN while Si produced n-type GaN, 9
and all three have limited success with InN10 and InGaN."
Underestanding and manipulating impurities in InN and InGaN materials is
already a large task in itself and only becomes more complicated with nanoparticles. The
reduced geometry of nanoparticles causes several problems for doping, and three main
theories exist explaining the reasons for poor dopant incorporation. The Turnbull model
is purely statistical whereby small nanoparticles just do not have enough atoms to be
doped evenly and most crystallites will remain undoped. 2 The self-purification model
suggests impurities are expelled by nanoparticles for thermodynamic reasons, though in
the third model, if growth is not at thermodynamic equilibrium, kinetic factors may allow
impurities to be trapped during growth.'3 Finally, characterization methods can be
equally complicated and challenging, as seen from experience in Chapter 3. In the end,
however, a complete ability to manipulate the electronic properties of InN and InxGaiN
will be essential for integration of these materials into new electronic applications.
5.1.3 Biomedical applications
Fluorescent labeling is a standard technique in biology that allows scientists to
track the specific presence or position of a biomolecule of interest. However, typical
fluorescent dyes have limitations such as narrow excitation resonance and propensity to
photobleaching.14 Colloidal nanoparticles and quantum dots overcome many of these
constraints, making them candidates for both in vivo and in vitro imaging. As
semiconductors, fluorescent nanoparticles can be excited over a very broad range of
wavelengths while maintaining narrow bandwidth emission. Combined with quantum
confinement effects, a single excitation can yield emissions of different wavelengths for
different nanoparticles, which enables "multi-plexing" or detecting multiple optical
signals at once. Surface chemistry allows the nanoparticles to bind to specific targets for
cellular imaging.
InN and InxGaixN nanoparticles have additional benefits for biomedical imaging
applications. For in vitro imaging, CdSe and CdTe nanoparticles are popular but contain
cadmium, a known toxic heavy metal. While studies are underway to understand the
extent of the risk and how to reduce toxicity, it may be some time before these particles
are approved for clinical applications.' 5 In contrast, indium and gallium are already
approved for biomedical applications such as imaging and cancer therapeutics," a
reflection of their less toxic nature. Furthermore, because InN and InxGasN
nanoparticles may emit in the infrared, they will be particularly suited for in vivo deep-
tissue imaging, where the absorption peaks of water and hemoglobin will block any
visible emission signals from CdSe and CdTe nanoparticles.' 8 Thus, InN and InxGavsN
nanoparticles would be strong candidates for biomedical applications and further
exploration in this direction would not only advance the material but also the biomedical
inorganic imaging platform.
5.2 Phage assembly
Chapter 4 and several published papers'9,20 have already demonstrated M13
bacteriophage's potential for two-dimensional close-packed nanoparticle assembly. The
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next major step is to extend the bacteriophage into three-dimensional assemblies.
Multilayer ordered phage assemblies have not yet been attempted, but it may be possible
for polydimethylsiloxane (PDMS) stamping to build up multiple layers of viruses.20 The
challenges would include developing protocol to remove the viruses from LbL
polyelectrolyte layers and stamping a second layer without disturbing the first. An
alternate idea is to utilize aggregation of phage in low pH solutions and applying cross-
linking molecules 2' to create macroscopic, porous phage structures. A successful
approach would assemble phage into three-dimensional scaffolding for nanoparticles,
enabling a new realm of macroscopic structures for quantum dot devices.
101
5.3 References
B. 0. Dabbousi, J. RodriguezViejo, F. V. Mikulec et al., . Phys. Chem. B 101
(46), 9463 (1997).
2 Y. W. Cao and U. Banin, J. Am. Chem. Soc. 122 (40), 9692 (2000).
3 P. Reiss, M. Protiere, and L. Li, Small 5 (2), 154 (2009).
4 F. Qian, S. Gradecak, Y. Li et al., Nano Lett. 5 (11), 2287 (2005).
5 Y. J. Dong, B. Z. Tian, T. J. Kempa et al., Nano Lett. 9 (5), 2183 (2009).
6 A. G. Bhuiyan, A. Hashimoto, and A. Yamamoto, J. Appl. Phys. 94 (5), 2779
(2003).
7 D. W. Jenkins and J. D. Dow, Phys. Rev. B 39 (5), 3317 (1989).
8 0. Ambacher, J. Phys. D-Appl. Phys. 31 (20), 2653 (1998).
9 H. K. Cho, J. Y. Lee, K. S. Kim et al., Solid-State Electron. 45 (12), 2023 (2001).
10 R. Kudrawiec, T. Suski, J. Serafinezuk et al., Appl. Phys. Lett. 93 (13), 3 (2008);
M. Higashiwaki, T. Inushima, and T. Matsui, presented at the 11th International
Conference on II-VI Compounds, Niagara Falls, New York, 2003 (unpublished);
H. P. Song, A. L. Yang, R. Q. Zhang et al., Cryst. Growth Des. 9 (7), 3292
(2009).
M. R. Islam, K. Sugita, M. Horie et al., presented at the 2nd International
Symposium on Growth of III Nitrides (ISGN-2), Laforet Shuzenji, JAPAN, 2008
(unpublished); D. B. Li, T. Katsuno, K. Nakao et al., J. Cryst. Growth 290 (2),
374 (2006); Y. Z. Tong, F. Li, G. Y. Zhang et al., Mod. Phys. Lett. B 12 (28),
1185 (1998).
12 D. Turnbull, J. Appl. Phys. 21 (10), 1022 (1950).
13 D. J. Norris, A. L. Efros, and S. C. Erwin, Science 319 (5871), 1776 (2008).
14 1. L. Medintz, H. T. Uyeda, E. R. Goldman et al., Nat. Mater. 4 (6), 435 (2005); P.
Alivisatos, presented at the 1st IUPAC Workshop on Advanced Material
(WAM 1), Hong Kong, Peoples R China, 1999 (unpublished).
15 B. A. Rzigalinski and J. S. Strobl, Toxicol. Appl. Pharmacol. 238 (3), 280 (2009).
16 E. Even-Sapir and 0. Israel, Eur. J. Nucl. Med. Mol. Imaging 30, S65 (2003); E.
Seregni, A. Chiti, and E. Bombardieri, Eur. J. Nucl. Med. 25 (6), 639 (1998).
17 C. R. Chitambar, Curr. Opin. Oncol. 16 (6), 547 (2004).
18 E. H. Sargent, Adv. Mater. 17 (5), 515 (2005).
19 K. T. Nam, D. W. Kim, P. J. Yoo et al., Science 312 (5775), 885 (2006); P. J.
Yoo, K. T. Nam, J. F. Qi et al., Nat. Mater. 5 (3), 234 (2006).
20 K. T. Nam, R. Wartena, P. J. Yoo et al., Proc. Natl. Acad. Sci. U. S. A. 105 (45),
17227 (2008).
21 C. Y. Chiang, C. M. Mello, J. J. Gu et al., Adv. Mater. 19 (6), 826 (2007).
102
